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ABSTRACT 


The zinc-lead deposit described is located on Calumet Island, Quebec, 53 miles 
northwest of Ottawa. The complex ores resemble those of Edwards, New York, and 
Montauban, Quebec, and other Grenville deposits. They occur in moderately inclined 
Grenville metamorphic rocks, including crystalline limestone, amphibolite, amphibo- 
lite-gneisses, quartzitic (rusty-weathering) gneisses, and various granitized gneisses 
(migmatites). These represent argillaceous and calcareous sediments, contact meta- 
morphosed and injected by a granitic magma of relatively high fluidity. 

The sulphide minerals comprise pyrite, sphalerite, pyrrhotite, galena, tetrahedrite, 
chalcopyrite, and marcasite, deposited in the order named. The sulphides form lean 
disseminations in all of the rock types in the ore zones, and lenticular masses largely 
deposited in carbonate and contact metamorphic rocks. They replace carbonate, 
quartz, and all silicates except serpentine. The association of the ore minerals with 
quartz and contact silicates indicates that they accompanied the same agents that 
produced silicatization and silicification. The association of sulphides with late-stage 
processes in pegmatitelike material is evidence that they formed a phase of the 
pegmatitic or volatile-rich granite magma. This “pegmatitic” material is considered 
to have been responsible for the contact metamorphism and migmatization as well. 


INTRODUCTION 


The high-temperature complex base metal sulphide deposit on Calumet 
Island, Quebec, is of special interest because its genesis is so closely related 
to “pegmatitization” and the general metamorphic history of the country 
rock. The ores, which carry zinc, lead, copper, gold, and silver, form 
roughly lenticular replacement bodies in a complex series of metamor- 
phosed Grenville sediments. The mineralization is most abundantly de- 
veloped in carbonate lenses and in contact metamorphic silicates derived 
from the carbonate. It is intimately connected in time and locus of intro- 
duction with silicatization of carbonate, silicification, and, probably, the 
introduction of alkaline material. Concentration of the metallic constit- 
uents is believed to have been favored by the physical properties of the 
country rock, especially the impermeability of carbonate-rich rocks under 
the conditions of mineralization, and by the relative permeability of associ- 
ated thinly bedded siliceous gneisses. Mineralization has taken place 
during the final stages of injection and granitization, believed to be related 
to large granite intrusions to the east. 

Geologic studies have been made of the Calumet deposit by Uglow 
(1916, p.5), by Goranson (1925, p. 105), reviewed by Alcock (1930, p. 121), 
and Osborne. Uglow classed the country rock as mica gneisses, sericitic 
quartzites, probably of sedimentary origin, and limestone. Goranson con- 
sidered that the deposits were located in biotitized shear zones in amphib- 
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olite, most of which he held to be igneous. According to his view, the 
carbonate and lime silicate lenses in which some of the best ore is located 
formed inclusions in the amphibolite. As already indicated, most, if not 
all, of the country rock is believed by the writer to represent sediments 
metamorphosed and injected by granitic material. There is little or no 
evidence available to indicate that shear zones other than the regional 
foliation have exerted a controlling influence on the production of minerali- 
zation. 

Most of the material on which the present study is based was collected in 
connection with detailed mapping in the vicinity of the mineralized area on 
a scale of 100 feet to the inch. Approximately 50,000 feet of diamond 
drilling has been done on the property, and all the subsurface data have 
been obtained from the drill cores. Information regarding the regional 
geology has been drawn from the regional map by R. W. Ells (1907), from 
Goranson’s report, and from personal observation. F. F. Osborne studied 
the deposit and the immediate area for the Quebec Bureau of Mines at the 
same time as the writer and supplied much information on the regional 
and detailed relationships of the mineralization. 
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LOCATION, HISTORY, TOPOGRAPHY 


The deposit is situated on lots 3 to 12, range IV, of Calumet Island, in 
the Ottawa River (Fig. 1). The island is 53 miles west of the city of 
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Ottawa and is within easy reach of the Canadian Pacific Railway whose 
nearest station is at Campbell’s Bay, a few miles to the east. 

The deposit was known as early as 1893 and has since passed through 
several hands. Various attempts have been made at underground explora- 
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Ficure 1—-Location map 


tion, and about 1200 tons of ore have been shipped, mostly before 1900. In 
1911 a concentrating mill with a capacity of 150 tons per day was erected 
but it was subsequently destroyed by fire. No really systematic attempt 
was made to develop ore until 1937, when an intensive diamond drilling 
campaign was instituted. Drilling continued during the summers of 1938 
and 1939 and up to August 1939 had indicated an estimated 942,384 tons 
of ore, averaging 2.51 per cent lead, 8.16 per cent zinc, 0.036 oz. gold, and 
5.76 oz. silver per ton (Osborne, 1939a, p. 1). 

The western boundary of the accompanying geological map (PI. 1) is 
formed by a branch of the Ottawa River. At this point limestone is ex- 
posed on the islands in the channel of the river and on the east bank. A 
steep north-south-trending scarp 100 feet high lies 100 to 300 feet east 
of the river. Glacial moraine obscures the bedrock from the cliff east to 
the mineralized area. East of the mineralized zone low outcrops of rock 
are abundant, interspersed with strips of swamp. Near the east boundary 
of the map area, the rocks are again partially hidden by deep drift. 
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GENERAL GEOLOGY AND STRUCTURE 
GENERAL CONSIDERATIONS 


A reconnaissance map by Ells (1907) indicates that the region in which 
the deposit is located is underlain by granitized gneisses and granite, carry- 
ing strips and patches of Grenville limestone of varying width. No de- 
tailed geological investigation of the general region has ever been made. 

With the exception of the northwestern corner of the island, where 
Paleozoic sediments are found, the exposed rocks consist largely of a 
complex of amphibolites in various stages of granitization, with some 
areas of granite and limestone. The limestone forms an apparently con- 
tinuous rim about the southern third of Calumet Island and dips uni- 
formly to the east. This portion of the island is believed by Osborne 
(personal communication) to constitute the nose of a recumbent fold, pos- 
sibly an anticline. If this be the case, the mineral deposit under discussion 
is located on the overturned limb of this structure. 

In the immediate vicinity of the Calumet Island deposit, the rocks 
include limestone, “rusty” gneisses, amphibolites, and various migmatites. 
The contacts of these rock types follow a curving course, striking north- 
south or north-northwest near the northern boundary of the map and 
northwest-southeast near the southern boundary. In the eastern part of 
the area the contacts trend more uniformly north-northwest. They have 
a moderate inclination, roughly 30° E. Schistosity and bedding trend 
dominantly northwest-southeast and dip east at an angle averaging 30 
to 40 degrees with local reverse dips. 

A few hundred feet north of the map area the strike changes to nearly 
east-west. As already mentioned, an east-west component also appears 
in the strike to the south. Thus, the mineralized area is bounded by cross 
shears which have been developed over considerable distances, according 
to Ells’ map. The localization of deformation along these shears, to- 
gether with the arching of thick formations between them, both above and 
below the ore zone, probably protected the latter from the full impact of 
regional stresses. This may, in part, account for the varying degrees 
of metamorphism shown by the country rock of the deposit. 


DISTRIBUTION AND STRUCTURE OF LITHOLOGIC UNITS 


The lowest member exposed on the western margin of the map area is 
crystalline limestone which is at least 600 feet thick and strikes nearly 
due north-south. It is mainly coarse and massive but it contains sections 
of thin-bedded quartz-bearing dolomite and siliceous bands mapped as 
leucocratic gneiss, which probably represent original sandy beds. 

The limestone is, for the most part, deformed by only minor warps 
and folds up to 100 to 200 feet in length. Just south of the junction 
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of Bowie Creek and the Ottawa River, however, the carbonate protrudes 
eastward about 250 feet. A little iron-stained siliceous gneiss overlies the 
nose of this sharp fold or “intrusion.” During the development of this 
structure, the limestone underwent considerable flowage. 

For the northern three quarters of its length the limestone belt is over- 
lain by a thinly laminated, rather coarse-grained, siliceous, garnetiferous 
gneiss. The gneiss is injected to varying degrees by thin sheets of peg- 
matitic material. Foliation and lit-par-lt structure are locally consider- 
ably contorted. Amphibolite is developed along the contact of the gneiss 
with the limestone and is found as inclusions and bands within the gneiss 
itself. 

To the north the band of gneiss strikes north-south, but approaching 
Bowie Creek it widens greatly, and the main belt trends northwest-south- 
east. Within the angle thus formed, the most massive facies is developed 
as light-cream, medium granular, oligoclase granite. Although for the 
most part conformable with the other units of the area, at this point 
the gneiss definitely crosscuts the amphibolite which lies south of it. 

This amphibolite separates the limestone and garnet gneiss. To the 
south the amphibolite is divided by tongues of siliceous gneiss. It is made 
up largely of hornblende gneisses, much injected by granitic material and 
calcite, and is cut by pegmatite dikes. Locally, coarser-grained pyroxene- 
scapolite gneisses occur in this mass. 

Roughly 1000 feet east of the main outcrop of garnet gneiss is a zone 
indicated on the map as “granitized rusty-weathering gneiss,” character- 
ized by predominantly rusty outcrops and clearly defined bedding. On 
the eastern border of the zone are found variable amounts of more 
massive, pargasite-bearing migmatites indicated on the map as “medium 
mafic granitized gneisses.” Lenses of gneissic amphibolites occur in some 
abundance at various horizons. Bodies of pegmatite and massive quartz 
are numerous. Masses of limestone and silicated carbonate with which the 
most important mineralization is associated also outcrop within this 
complex group. 

To the north, this mineralized zone is underlain by gneissic amphibo- 
lites. Near the north boundary of the area both have been deformed into 
a large drag foldlike crumple which has been exaggerated by flowage 
and injection. There seems to be some evidence of the “fold” in the 
distribution of formations to the southeast. In addition, numerous minor 
crumples are evident in well-exposed outcrops of these rocks. Carbonate 
masses in this zone appear to have undergone flowage, as indicated in some 
thin sections and exposures in the Lawn Pit. 

A body of carbonate-bearing amphibolite, ranging from 100 to 300 
feet in thickness, overlies this mineralized zone. The amphibolite consists 
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predominantly of green hornblende, quartz, and feldspar with dissemina- 
tions, aggregates, and veins of calcite or lime silicates formed by meta- 
morphism of the calcite. In many cases carbonate exceeds the amphib- 
olitic material, and the rock becomes a breccia of amphibolite fragments 
in a matrix of calcite, instead of amphibolite veined with calcite. Owing 
to flowage of the enveloping carbonate the fragments are drawn out into 
spindlelike forms. The other extreme, amphibole schists with little or no 
carbonate, is also found in this zone. 

The carbonate amphibolite zone is persistent and homogeneous. It 
shares to only a minor degree the injected and veined nature of gneisses 
which surround it. It is, however, moderately warped, and its bounding 
surfaces are extremely uneven. 

To the north and east the “carbonate amphibolite” passes into more 
highly metamorphosed amphibolite and amphibolite gneiss. Where con- 
siderably granitized and injected, they are gneissic or even schistose and 
frequently garnetiferous. These amphibolites form rather massive out- 
crops which show, at times, a coarse foliation suggesting bedding. 

Zones, streaks, and masses of granitized gneiss (migmatite) are com- 
plexly entangled with the amphibolites. The main bodies are situated 
just east of the carbonate amphibolite and are roughly triangular. They 
are separated from one another by a narrow zone of rather leucocratic 
hornblende gneiss. The most typical examples are light-colored, granite- 
like, garnetiferous, and highly siliceous, but more melanic varieties are 
also common, especially near the contact with amphibolites. The darker | 
gneisses are classified on the map as “medium mafic granitized gneiss.” 

Although relict structures are sometimes in evidence, the foliation of 
siliceous gneisses of this type locally cuts across the bedding of less granit- 
ized gneisses to the south. This indicates that these migmatites were 
capable of intrusion and magmatic movement, at least locally. 

South of the main zone of migmatites is a large well-exposed outcrop 
of less highly granitized iron-stained, well-bedded, badly contorted “me- 
dium-mafic” gneisses. They are injected pargasite-bearing rocks with 
minor intercalations of recrystallized amphibolite. Immediately east of 
these mixed rocks is a narrow double belt, locally interrupted by migma- 
tite, which is composed of amphibolites and micaceous lenses of contact 
metamorphic origin, with some carbonate and siliceous gneiss. Some 
mineralization (the Belgian Pit and Longstreet Shaft) is associated with 
this zone. 

To the east lie siliceous hornblende and biotite gneisses with lenses and 
bands of garnetiferous varieties and even-grained, granular, medium mafic 
amphibolites. East of Longstreet Creek massive coarse-grained amphib- 
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olites, of a relatively ungranitized nature, are abundant. Along the 
northern and eastern boundary of the property they have been strongly 
injected by granitic material to form medium mafic migmatites. 

All the consolidated rocks and probably the mineralization are cut by 
a diabase dike approximately 100 feet wide at its widest part which 
trends roughly N. 80° W. to east-west and dips 70 to 80° N. There 
is some evidence that the dike is offset by a fault trending north-north- 
west near the east boundary of the area. A number of narrow trap dikes 
which are remarkably persistent and uniform in width were also inter- 
sected by drilling in the mineralized zone. 


GENERAL STRUCTURAL FEATURES 


The most characteristic feature of the structure is the prevalence of 
flowage. Evidence of flowage is found in the crystalline limestone, carbon- 
ate amphibolite, and various migmatites. Crumpling as well as some 
flowage affected thinly bedded siliceous biotite gneisses and some medium 
mafic migmatites. The most strongly granitized and siliceous migmatites 
show evidences of flowage and actual intrusion into less granitized rocks. 
The general east-west trend of the lineation indicates that the direction 
of flowage was generally the same in all the rock units. The lineation 
pitches 15° to 20° or occasionally even 45° E. The lineation is expressed 
in minute corrugations in lenses and drag-folded veins of quartz, drag 
fold axes, and the orientation of hornblende needles. 

Jointing is abundant on a macroscopic and microscopic scale. Many 
of the joints are filled with granitic material. Thus, during at least the 
later stages of intrusion, some fracturing took place. 

An important feature of the country rock of the deposit is the 
preservation of bedding structure in some of the quartzitic “rusty gneisses” 
and the persistence of less obvious structures probably of the same origin, 
in amphibolites and migmatites. The recognition of these structures is 
of special significance in the interpretation of the origin of the various 
rock types. 

Some reference should also be made to the almost complete absence 
of evidence of deformation of any importance subsequent to metamorphism 
and mineralization. During metamorphism recrystallization was complete, 
for little or no trace of strain shadows in quartz, mortar structure, and 
other evidence of rupture is visible. The sulphides themselves show 
little structural disturbance apart from minor fracturing which took 
place during mineralization. This is significant, for rocks such as par- 
tially silicated carbonate and serpentine are easily deformed. Unfilled 
joints and the possible fault and associated fracture zones constitute 
exceptions to the absence of structural disturbances. 
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PETROLOGY 
INTRODUCTION 


The country rock of the Calumet Island ore deposit comprises four 
main groups: crystalline limestone and dolomite, amphibolites, biotitic 
“rusty-weathering” quartzites and paragneisses, and finally granitized 
gneisses or migmatites' of complex hybrid origin. The progress of meta- 
morphism is best revealed in the amphibolites. Metamorphism began with 
the crystallization of hornblende from the original sediment with the 
separation of residual calcite. Contact metamorphism of the carbonate 
followed, caused and accompanied by injection. In the siliceous sedi- 
mentary gneisses, only thermal metamorphism and subsequent injection 
and granitization are recognizable. The progressive increase in intensity 
of metamorphism and injection thus represented indicates the progressively 
more intense action of intrusive granite. 

The material added to the original sediments during the metamorphism 
includes silica in unusual quantities, alumina (in feldspars and possibly 
also in sillimanite and garnet), alkalies, and minor amounts of chlorine, 
phosphate, zirconium, fluorine, and water. Magnesia has been concen- 
trated at least locally (as cordierite, biotite, anthophyllite, and pargasite), 
but there seems no necessity for assuming its introduction from an outside 
igneous source. Dolomites are abundant in the associated limestone 
masses and could easily supply magnesia to magmatic solutions coming 
in contact with them. 

The most characteristic substances added are thus the constituents of a 
siliceous pegmatite. The ability of the injected material to penetrate 
along schistosity and bedding planes indicates that it must have been 
highly fluid, a property to be expected in late-stage pegmatitic material. 
The fact that many pegmatitic bodies in migmatites and amphibolites have 
gradational boundaries is significant in this connection. 

The localization of the “pegmatitic” material during injection was 
dependent on several factors, including porosity, ability to fracture, and 
the abundance of shear surfaces such as bedding and schistosity. As 
a result of recrystallization and flowage during intense metamorphism, 
pure carbonate rock showed little susceptibility to injection, since it would 
neither fracture nor maintain pore spaces. Thus, in the area studied 
the limestone was injected only where it was thinly bedded or in contact 
with migmatites. The carbonate-bearing amphibolite, for the same reason, 
has not been subjected to extensive granitization. 


1The term migmatite is here used in accordance with the definition of Sederholm (1907, p. 110)— 
i. €., a gneiss which has resulted from the mixture of intrusive and sedimentary or volcanic material. 
Its application is, however, largely confined to the more leucocratic siliceous mixed rocks, usually 
carrying garnet. 
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On the other hand, the “rusty-weathering” gneiss zone apparently 
possessed all the qualities enumerated and consequently has been the site 
of considerable granitization, silicification, and mineralization. Similarly, 
the production of migmatites appears to be related to the presence of 
bedding and shear planes. Where actual magmatic movement of the 
hybrid rock has taken place, the traces of such control may be destroyed. 

The rocks of the area reflect considerable differences in the temperature 
and activity of the agents of metamorphism. As will be pointed out, 
the characteristic association of the carbonate amphibolite zone—calcite 
and hornblende—is stable only under intermediate conditions of meta- 
morphism. On the other hand some of the siliceous migmatites, with 
labradorite and garnet, are to be classed with the higher-grade zones of 
metamorphism of Barrow and Tilley (Harker, 1939, p. 218). Sillimanite 
is also said to indicate the existence of high temperatures. This variability 
of grade of metamorphism within the same body of rock is the logical con- 
sequence of injection metamorphism, in which various zones are more 
susceptible to injection than others and thus are exposed to higher tem- 
peratures and more active agents. In conclusion, the metamorphic rocks 
to be described may be aptly termed a “polymetamorphic” (Wegmann and 
Kranck, 1931, p. 93) association. Variations in the grade of metamorphism 
are complicated by differences in the original sediments. The complexity 
has been increased by the development of reaction zones between car- 
bonate-bearing and siliceous sediments, by varying degrees of injection by 
magmatic material, by differences in the degree of assimilation shown by 
the latter, and by the contact metamorphism of limestone interbeds 
under the action of the injected material. 


CARBONATES 

The limestones of the main western belt are clearly sedimentary and 
include both calcite and dolomite. Quartzitic interbeds, which have 
reaction borders of diopside and tremolite, may be assumed to repre- 
sent original sandy horizons. Thin-bedded, siliceous dolomites form 
intermediate types between the quartzites and massive limestones. Sili- 
cates in disseminations, pockets, and bands are common. 

The carbonate lenses in the mineralized zone of “rusty-weathering” 
gneisses, as exposed in various workings, are very irregular in their bound- 
aries, and apparently unconformable. This is a consequence partly of 
the nature of the contact between silicated and unsilicated carbonate 
and partly a result of actual injection of the carbonate into the country 
rock during metamorphism. While definite generalizations are not possible 
until underground work has contributed more exact information, the 
general persistence of carbonate and lime silicate zones roughly parallel to 
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the structure of the associated rocks favors the interpretation of them as 
intercalated carbonate beds. The injection and replacement phenomena 
shown by the calcite would, according to this view, be considered merely 
a result of the plasticity and solubility of the mineral in question. 

Minerals recognized in the contact rocks resulting from the silicatiza- 
tion of these carbonate lenses include anthophyllite, tremolite, actinolite, 
cummingtonite, pargasite, plagioclase (of varying composition), scapolite, 
phlogopite and biotite, and anisotropic garnet and spinel. Alteration prod- 
ucts include serpentine, sericite, chlorite, epidote, clinozoisite, and wilson- 
ite (Osborne, personal communication). Quartz has been introduced, 
locally in considerable abundance. 

The limestone lenses have been silicated to a much greater degree than 
has the main marble belt to the west. This is believed to be due to their 
relatively small size and to the fact that they are more or less entirely 
surrounded by gneisses and migmatites which are the product of ex- 
tensive injection and pegmatitization. Thus, a large surface, relative 
to their volume, was in contact with the injected material. 

Where contact metamorphism of carbonate has taken place, it has often 
been followed or accompanied by injection. Various injected, coarse, 
biotitic rocks in the mineralized zone have probably been formed in this 
way. A very characteristic type, at the contact of the garnet gneiss and 
limestone, carries pyroxene, alkaline amphibole, biotite, scapolite, seri- 
citized plagioclase, quartz, sphene, and carbonate, with varying amounts 
of microcline or orthoclase and often tourmaline. Goranson (1925, p. 111) 
has described rocks of this type as one of a series of zones of contact 
metamorphism of limestone. Similar mineral associations are common 
in the amphibolite mass which separates the limestone and garnet gneiss 
in the southwest corner of the area. 


AMPHIBOLITE 


The least metamorphosed representatives of this group are found in the 
well-defined zone of carbonate amphibolite. Characteristically, they are 
composed of amphibole and calcite, with minor quartz and feldspar and 
sometimes considerable biotite. As pointed out by Barth (1936, p. 791), 
this association represents an intermediate grade of metamorphism. With 
increased temperature and injection, this association became unstable, 
and diopside, pargasite, scapolite, quartz, and feldspar replaced the 
veinlets and aggregates of carbonate in the amphibolite more or less 
completely (PI. 2, fig. 1). The presence of scapolite, quartz, and feldspar 
is proof that increased temperature alone did not produce this change 
but that metasomatism and injection co-operated in developing the contact 
silicates mentioned. 


is 
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In a few specimens, discontinuous chains of hornblende form rims 
about calcite aggregates (Pl. 2, fig. 2) or contact metamorphic minerals 
replacing the calcite (Pl. 2, fig. 3). This implies that the amphibole is 
later than the carbonate. The “injection” of the amphibolitic material 
by the carbonate is thought to be due to flowage following the development 
of the hornblende. According to this view the calcite would be a residual 
from the formation of amphibole in the metamorphism of an impure dolo- 
mitic sediment. The formation of the hornblende may have been due to 
metasomatism of an intermediate grade or to regional metamorphism. 
The former has certainly been the case in the production of alkaline 
amphibole and actinolitic hornblende at the contact of garnet gneiss 
and limestone near the southwest corner of the map. 

With a decreasing percentage of calcite the carbonate amphibolite passes 
into amphibole schists and hornblende rocks carrying little else but inter- 
stitial quartz and feldspar. These may result either from the recrystal- 
lization of a sediment whose composition was such that residual calcite was 
negligible or from the leaching of residual calcite during metamorphism by 
solutions traversing the rock. 

With a greater percentage of plagioclase (andesine-labradorite) and 
quartz the above grade into even-grained “pepper-and-salt” amphibolites 
and amphibolite gneisses. Biotite, although frequently insignificant, is 
abundant in some specimens (PI. 2, fig. 4). Diopside is occasionally 
present, and in the more granitized varieties garnet may be important. In 
contrast with that in the carbonate-bearing types, the hornblende in these 
amphibolites is darker and, when alkali feldspars are associated with it, 
distinctly bluish, in extreme cases approaching hastingsite. 

Hornblende and biotite are frequently replaced by thin fingers of quartz 
and to a less extent by feldspar with the development of a pseudopoikilitic 
structure. Reference is made by Buddington (1939, p. 177) to similar 
structures in the Adirondacks, which he interprets in the same way. In 
advance stages of replacement by feldspar and quartz the melanic minerals 
may be tattered, ragged, and even sievelike. Ferromagnesian material 
thus replaced may recrystallize as small prisms sprinkled through the 
replacing minerals. Quartz is interstitial to plagioclase, sometimes re- 
placing it. 

Pargasite (or a related optically positive amphibole) is common in 
small amounts and is believed to have been formed by the bleaching 
of green hornblende. A comparable alteration of hornblende to cum- 
mingtonite is recorded by Eskola (1915, p. 225, 257). 

With respect to the origin of the amphibolites in the vicinity of the 
deposit Goranson (1925, p. 116) states: “Locally, the original minerals 
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and texture of the amphibolite are preserved and it is known to be an 
altered hypersthene gabbro or diorite.” It would thus seem that he re- 
gards the amphibolite as an altered basic intrusive. Elsewhere (p. 109) he 
states that in many cases evidence of origin of the amphibolite is obscure 
and that some are “hybrid rocks resulting from limestone.” 

From the evidence at hand the writer is disposed to regard most, if not 
all, of the amphibolites and hornblende gneisses exposed in the area as of 
primarily sedimentary origin. This interpretation is supported by the local 
occurrence of bedding in the amphibolites, the intercalation of amphi- 
bolite with other lithologic types, the absence of iron oxides common in 
amphibolites derived from igneous rocks, and by textures and structures 
in the carbonate amphibolites suggesting the metamorphic origin of the 
rock. The possibility of this origin of amphibolites is demonstrated by the 
endomorphie and exomorphic development of amphibolite at the contact 
of garnet gneiss and limestone and the replacement of a siliceous dolomitic 
zone by amphibolites near the southwest corner of the property. The 
metamorphism of carbonate-bearing sediments to form amphibolites in the 
Grenville region of Canada and in the Adirondacks is well known as the 
result of work by Adams and Barlow (1910, p. 99, 164) and Buddington 
(1939, p. 11). 

The carbonate amphibolite and the zone of biotite gneiss to the west are 
separated by a discontinuous irregular belt of pargasite- and anthophyl- 
lite-bearing migmatites. These migmatites are fine- to coarse-grained 
and granoblastiec or gneissic in texture. They usually weather to a light: 
color and carry abundant plagioclase ranging from albite-oligoclase to 
labradorite. Garnet is common in some types, and hornblende and biotite 
may or may not be present. These rocks grade westward into pargasite- 
bearing biotite gneisses and eastward into unaltered amphibolite. They 
appear to constitute a reaction zone characterized by the addition of 
magnesia to the biotite gneisses and the withdrawal of iron from the 


amphibolite. 
“RUSTY-WEATHERING” GNEISSES 


The “rusty-weathering” gneisses are typically thinly bedded, iron- 
stained, much injected, and silicified. The less granitized are relatively 
fine-grained and apparently quartzitic. Phlogopite and scattered iron 
sulphides with some galena and sphalerite are universal. Sillimanite 
(Pl. 2, fig. 5) is often found in fine clumps of fibers or somewhat coarse 
spindles as replacements of biotite. More or less poikiloblastic, altered 
cordierite is present in some of these rocks. The most strongly recrystal- 
lized of the sillimanite-bearing rocks are pegmatitic microcline-mica 
gneisses. The finer-grained gneisses frequently carry abundant small 
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flakes of graphite. A labradorite-phlogopite hornfels (Pl. 2, fig. 6) is 
coarser-grained but characteristic of the less injected varieties. 

Injection and recrystallization has affected all examples studied to 
varying degrees and has involved the introduction of quartz and, in the 
final stages, alkali feldspar. The latter replaces original silica, sometimes 
completely, and is interstitial to coarse recrystallized, veinlike quartz. 
In the fine-grained varieties with abundant alkalic feldspar, the sillimanite 
is often sheathed with sericite or muscovite (PI. 2, fig.5). The sillimanite 
itself is developed by recrystallization of aluminous material (original 
clay or derived biotite) under conditions accompanying the injection 
of pegmatites (Barth, 1936, p. 799). 

Gneisses resembling the various sillimanite- and cordierite-bearing 
types described above are known as country rock in the base metal depos- 
its of Ammeberg, Sweden (Johansson, 1910). Broken Hill, New South 
Wales (Andrews, 1922), Bodenmais, Bavaria (Weinschenk, 1900), and 
Montauban, Quebec (Osborne, 1939b, p. 712). Osborne (personal com- 
munication) reports that the cordierite-anthophyllite association, typical 
of many Fennoscandian deposits (Orijairvi and Falun), also occurs at 
Calumet although it does not appear to be abundant. Many workers 
(Eskola, 1915, p. 262; Magnusson, 1936, p. 332; Osborne, 1939b, p. 726) 
consider these minerals to be due to “magnesia metasomatism.” In the 
Calumet area, the abundance of dolomitic carbonate precludes the neces- 
sity of assuming the introduction of magnesia from magmatic sources. 

The zone of “rusty-weathering” gneiss has been ascribed by Goranson 
(1925, p. 119) to the silicification and biotitization of amphibolite. As 
already noted, however, these rocks have a well-developed bedding struc- 
ture, which is not the same as that shown by the amphibolite. A hydro- 
thermal origin for these types also seems unlikely from a mineralogical 
point of view. The most typical alteration product of the amphibolite 
near the zone of “rusty-weathering” gneiss is pargasite and not biotite, and 
sillimanite and cordierite are not normal alteration products of basic rocks. 
Although graphite is not always of undoubted sedimentary derivation, 
its exclusive occurrence in these well-bedded siliceous rocks also supports 
the sedimentary origin of the rusty gneisses. The fine-grained nature of 
some of the quartz in the less recrystallized varieties is also unfavorable 
to a theory involving hydrothermal replacement by quartz and biotite 
in the deep vein zone. 

The writer therefore believes that these rocks have been derived from 
thinly bedded, siliceous sediments which probably contained some carbo- 
nate and clay. The mineral assemblage and textures of this group are the 
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product of intimate injection, accompanied by varying degrees of meta- 
somatism and the formation of contact metamorphic minerals. 

The extensive injection and granitization of this zone, with the wide- 
spread occurrence of sulphide mineralization, are believed to be evidence 
of its relative permeability to granitic and hydrothermal solutions. This 
may have been due, in part, to its arenaceous and hence porous character, 
in part to its relative rigidity so that it fractured readily, and, in part, 
to the abundance of bedding planes and shear surfaces. 


GRANITIZED GNEISSES OR MIGMATITES 


The granitized gneisses, as a group, are extremely variable in mineral 
composition, a characterisitic resulting from variations in the amount and 
type of injection and the kind of rock which underwent migmatization. 
Quartz is usually the most important mineral except in a few cases where 
microcline or albite-oligoclase more or less completely usurps its place. 
Plagioclase, ranging from andesine to labradorite, is next in importance, 
and hornblende, biotite, and garnet are present in variable amounts. 
Pyroxene, epidote-clinozoisite, and pargasite were found in some varieties, 
and in one or two cases hypersthene, enstatite, or anthophyllite were ob- 
served. The variations in color and composition shown by these rocks are 
reminiscent of the endomorphic effects of the Pyrenees granite, described 
by Lacroix (1898-1899, p. 10, 40). 

These migmatites are usually foliated and sometimes show lit-par-lit 
banding. They frequently give evidence of the introduction of quartz 
in considerable amounts, replacing plagioclase, biotite, and hornblende. 
Slender stringers, lenses, patches, and lit-par-lit injections of quartz visible 
in the outcrops of these rocks corroborate the microscopic evidence of 
the late introduction of silica. 

Unusual textures are shown by many of the migmatites. Poikiloblastic 
labradorite swarming with rounded quartz grains is common in some very 
siliceous gneiss (Pl. 3, fig. 1). Garnet very frequently has a skeleton 
or poikiloblastic form, and anthophyllite, when present, has a more or 
less well-developed sieve structure. 

These granitelike rocks are not considered to be true igneous rocks, 
but the products of injection and assimilation. Consideration of the fol- 
lowing facts makes this apparent: (1) lit-par-lit structures, indicating 
planar structures preceding and controlling injection; (2) the presence 
of relics of bedding, especially in the “medium mafic” migmatites, and 
to a minor extent in the siliceous types; (3) the abundance of garnet; 
(4) the generally conformable nature of the migmatites, intercalated with 
amphibolites and carbonate lenses; (5) the presence of intermediate types, 
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indicating relations of the migmatites to “rusty-weathering” gneiss, am- 
phibolites, and contact metamorphic rocks; (6) the changes in the proper- 
ties of the minerals roughly paralleling the progress of injection. This 
includes the general, though not universal, increase in color of hornblende, 
the increase in index and abundance of pleochroic haloes shown by biotite, 
and the occurrence of garnet in the more highly granitized types; (7) the 
occurrence of basic plagioclase (labradorite) in very siliceous types has 
not been observed in a normal igneous rock. In spite of this, the migma- 
tites show local intrusive relations. This is additional evidence that 
injection and not replacement alone took part in the formation of these 
gneisses. 

The original sediment from which the migmatites were derived is not 
always clear. Gneisses which carry lime silicates with abundant potash 
feldspar are obviously an injection or assimilation product of limestone. 
Very well-banded migmatites are probably granitized and recrystallized 
“rusty-weathering” gneisses. The more common types, in which horn- 
blende and biotite both occur, with garnet, cannot be so readily classified. 
The mere presence of either the amphibole or mica is not by itself signifi- 
cant since recrystallization may result in the formation of one instead of 
the other, depending on the conditions, such as the abundance of volatiles. 

Migmatization thus appears to have been occasioned by the injection 
of dilute pegmatitic solutions along shear planes and bedding planes. 
According to this view this tenuous “magma” reacted with and replaced 
the original constituents. Where these reactions did not get to completion, 
or a second stage of injection set in, lit-par-lit gneisses resulted. 

This is similar in its main features to the process of granitization as 
outlined by Goranson (1925, p. 114). Wegmann and Kranck (1931, p. 96), 
and Fersmann (1931, p. 72) also consider migmatites to be the result of the 
action of pegmatitic solutions on older rocks. 

A very common feature of the amphibolites and migmatites of the area 
is the occurrence of numerous pegmatitic zones, usually rather narrow, 
which carry the same minerals as the surrounding gneisses. They differ 
in the coarseness of grain, in the abundance of quartz, and in the frequent 
occurrence of coarse pink garnet and clove brown anthophyllite. Plagio- 
clase is usually oligoclase or andesine, in well-twinned large interlocking 
grains. Frequently a little sulphide and various alteration products, such 
as sericite, serpentine, epidote, and chlorite, are present. A common feature 
is the recrystallization of the melanic constituents of the country rock of 
the pegmatite, along the borders of the latter, to form coarse grains of 
biotite, amphibole, or pyroxene. The same feature has been described by 
Goranson. Unusual microcline pegmatites of similar origin carrying 
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sillimanite and garnet or altered cordierite and tourmaline have also 
been recognized. 

Microline-perthite pegmatites which, according to Goranson (1925, 
p. 110), are relatively abundant in other parts of the island are found 
as bodies with gradational boundaries and, occasionally, crosscutting dikes 
in the amphibolites and migmatites. Graphic granite was noted in some 


drill sections. 
MINERALIZATION 


THE ORE ZONE 


The sulphide bodies of the Calumet deposit are simple in structure but 
rather complex in their mineralogy and lithologic association. The largest 
body (the Bowie) closely underlies the footwall of the carbonate amphibo- 
lite. It consists of a series of lenses of carbonate and contact silicates, 
which are usually intercalated with injected material, consisting of siliceous 
biotite gneiss, pegmatite, and clear massive quartz. 

The sulphide bodies of the Russell and McDonald area are located well 
within the zone of “rusty-weathering” gneiss and are of the same general 
nature as the Bowie although much smaller. The limestone and lime 
silicate lenses in which they are developed occur at several different 
horizons and do not constitute a single, definite zone. On the other hand, 
low-grade, disseminated sulphide mineralization is quite widely distrib- 
uted in the typical siliceous “rusty-weathering” gneisses. 

The mineralization in the Longstreet zones also occupies a contract- 
metamorphosed carbonate horizon containing intercalated migmatites. 
Mineralization in limestone near the southwest corner of the map com- 
prises a few thin streaks of sulphide in a dolomitic bed. 

The three principal ore bodies discovered to date all dip east, con- 
formable to the general structure of the country rock (Fig. 3). They 
are lenticular in cross section and roughly triangular in plan (Fig. 2). 
The long axis of the Bowie body trends northeast, whereas the Russell and 
McDonald bodies trend more nearly east-west. Thus, they tend to 
converge toward the east, presumably in the direction from which the 
mineralizing solutions came. 

The structure of the bodies in question is complicated by minor cross 
folding. This is especially well shown by sections of the Bowie taken 
perpendicular to its major axis (Fig. 2). Distinct “rolls” are apparent 
also in the plane of the major axis. This warping is probably pre-ore. 
The thickest mineralized sections of the Bowie body are associated with 
convex upward or “anticlinal” parts of the rolls, in both longitudinal 
and transverse sections. Toward its eastern extremity the dip of the Bowie 
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Ficure 2—Longitudinal and cross sections of the Bowie ore body 
Based, in part, on drill logs by F. F. Osborne. 


ore body varies less and is somewhat steeper. The mineralization is con- 
siderably thinner here, where changes in the dip are absent. 

The boundaries of the ore zones roughly parallel the east-west lineation 
or flowage directions of the country rock. This is to be expected since the 
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carbonate lenses which were later mineralized must have been elongated 
parallel to this direction during deformation. Thus, the form of the 
sulphide bodies has been partially determined by mechanical flowage 
during metamorphism, by the intensity and distribution of cross folds and 
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CONTOURS ON TOP OF ORE BODY 
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CONTOUR INTERVAL SOFT 
Figure 3—Contours on top and bottom of the three known ore bodies, 
measured from an arbitrary datum 


Figures to right of each body give depth of contour of top; figures to left give 
depth of contour of bottom. 


“rolls,” and, to a certain extent, by the usual boundary irregularities of 
metasomatic replacement. 

The largest concentration of sulphides (in the Bowie body) may be par- 
tially attributed to the overlying “blanket” of carbonate amphibolite. The 
amphibolite is considered to have been relatively impermeable to grani- 
tizing and mineralizing solutions and thus formed a traplike structure, 
facilitating the concentration of metallic constituents and migmatites di- 
rectly below it. This, of course, assumes that the incoming magmatic 
material had a tendency to rise vertically as well as to move up the dip. 
The fact that the sulphide body tends to be thicker where “rolls” result 
in flattened or reverse dips, forming low noses and anticlines, affords some 
confirmation of this assumption. It is alternatively possible that the 
concentration of fractures or foliation planes in the crest of the anticlinal 
“rolls” made these points structurally more favorable for ore deposition. 
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It seems unnecessary to assume any channelway for the introduction 
of mineralization and magmatic material other than the “rusty-weather- 
ing” gneiss. No evidence has been so far observed of any important 
shear zones, fractures, or joint systems which might have served such 
a purpose. On the other hand, the abundance of silicification, migmatiza- 
tion, injection of pegmatites, silication of limestone lenses, and widespread 
sulphide mineralization within the rusty gneiss has already been mentioned 
as evidence that it has served as a major conduit and a receptacle for 
introduced magmatic material. 

A similar function may have been performed by the mineralized sili- 
ceous cordierite-anthophyllite gneiss and overlying amphibolite at 
Orijairvi, Finland (Eskola, 1915, p. 234), the median gneiss in the lime- 
stone at Balmat and Edwards (Brown, 1936, p. 238, 245), and the 
pyritiferous rusty gneisses in St. Lawrence County, New York (Smyth, 
1912, p. 144). 

Some reference should also be made to the distribution of ores with 
respect to the injected material. Granitic and pegmatitic material is so 
abundant that no critical correlation can be made. The most abundant 
mineralization, however, overlies the principal belt of garnetiferous migma- 
tite, and the minor mineralization of the Longstreet area overlies a small, 
but clearly defined body of massive, siliceous, garnetiferous gneiss. A 
spatial relationship to the migmatite is shown by the mineralization in the 
limestone along the river which lies near the southern tip of a spur of the 
main garnet gneiss horizon. 


PARAGENESIS OF THE ORES 


General statement.—The principal sulphide minerals, in order of their 
paragenesis, are: pyrite, sphalerite, pyrrhotite, galena, tetrahedrite, chal- 
copyrite, and marcasite. Pyrite was undoubtedly the earliest to crystal- 
lize; the others are not so clearly separated from one another in the 
sequence but appear to have overlapped considerably. “Emulsion” struc- 
tures of chalcopyrite and pyrrhotite in sphalerite and complex mixed grains 
of galena, sphalerite, and pyrrhotite indicate at least partial contem- 
poraneity of all the sulphides except pyrite. 

The late crystallization of the chalcopyrite and galena is probably 
responsible for the marked tendency which they show to make their 
way further into the gangue than other sulphides (PI. 3, fig. 2). Marcasite 
appears to be the latest of the metallic minerals since it cuts and replaces 
all other sulphides. 

Native gold (Krieger, personal communication) has been reported in 
ores which carry high precious metal values. Arsenopyrite has been ob- 
served and from its relationships probably is to be associated with pyrite 
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in time of formation. Bournonite was observed in the galena in one 
polished section. A little molybdenite was noted in fine plates scattered 
along an altered joint plane in injected biotite gneiss. Its relations to 
the other sulphides are unknown. 

Sulphides are not uniformly distributed through the mineralized areas. 
They may be massive over short sections, although more often they occur 
as irregularly distributed blebs and pockets and as streaks, clots, and 
grains scattered through gneiss, quartz, and lime silicate minerals in 
carbonate. 


Pyrite—Pyrite occurs as euhedral, subhedral, and anhedral grains. 
Frequently it is surrounded by pyrrhotite, sphalerite, galena, or marcasite 
(Pl. 3, fig. 3), and in some specimens it has undergone considerable 
alteration to marcasite. Although it is fairly persistent it is never the 
dominant sulphide. 


Arsenopyrite—— In a few specimens arsenopyrite was observed in oc- 
casional subhedral small grains, either intergrown with pyrite or enclosed 
in other later (?) sulphides. 


Sphalerite—Sphalerite is usually dark brown and ferriferous. Some 
however, occurs as white irregular grains replacing gangue around the 
rim of larger brown sphalerite masses. A similar light-colored sphalerite, 
which is later than the more abundant ferriferous material, has been des- 
cribed by Smyth (1917, p. 26) from the Edwards Mine, New York. 
Where the sphalerite has been replaced by or is associated with marcasite 
it has been bleached white where the two come in contact with one 
another. In some massive ores, colorless sphalerite is found intergrown 
with quartz. 

When massive, the sphalerite is generally coarse-grained. A peculiar 
pseudoporphyritic type was found in the Bowie Pit. The “phenocrysts” 
are large areas of pure sphalerite, whereas the matrix is a fine-grained 
mixture of sphalerite with galena and pyrrhotite (PI. 3, fig. 4). When 
associated with considerable galena, the sphalerite is sometimes intimately 
intergrown with it (Pl. 3, fig. 2). 

Sphalerite frequently carries numerous small inclusions of chaleopyrite 
and pyrrhotite which resemble exsolution structures. Although chal- 
copyrite has been frequently described in this relationship, pyrrhotite 
(Pl. 3, figs. 5, 6) is much less well known. Schwartz (1937, p. 31) has re- 
ported a similar “emulsion structure” of pyrrhotite in sphalerite from 
the Potosi Claim, Chihuahua, Mexico. Veinlets of pyrrhotite and chal- 
copyrite also occur cutting the sphalerite, indicating that they are at least 
partly younger than their host. 
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Pyrrhotite—Pyrrhotite is a ubiquitous and characteristic sulphide 
usually occuring as coarse, irregular blebs. Its relationship to sphalerite 
and pyrite have already been mentioned. When massive, it is often inter- 
grown with sphalerite with mutual boundaries. 

In most of the material studied, the pyrrhotite is partially replaced by 
marcasite, forming lattice, grid, or concretionary structures (PI. 4, figs. 1, 
2). The replacement is accompanied by the development of cavities at 
the contact of the two minerals. The openings are filled by later gangue, 
usually carbonate, and are sometimes bounded by euhedral marcasite (PI. 
4, fig. 3). In some cases, in the initial stages of replacement, the pyrrhotite 
assumes a peculiar pale grayish-white color (in reflected light) and ex- 
hibits a gray-black anisotropism. This alteration borders interrupted, 
anastomosing cracks due to shrinkage accompanying the alteration. 


Galena.—Galena is generally associated with other sulphides, particu- 
larly sphalerite. Like most of the minerals already described, it may form 
coarse masses intergrown with sphalerite, often with mutual boundaries, 
or it may be finely disseminated through the gangue. It sometimes occurs 
as delicate rims surrounding grains of silicates and carbonates, with 
slender fingerlike projections branching out along cleavages, fractures, and 
grain boundaries (PI. 3, fig. 2). Small quantities of tetrahedrite are con- 
sistently associated with galena. As already mentioned, in one specimen 
bournonite was noted, distributed through the galena. 

The silver content of the ore is found in the galena and tetrahedrite. 
In the galena it is present as fine-grained dots of argentite or polybasite 
(Krieger, personal communication) visible under high power after etching. 


Chalcopyrite—Chaleopyrite is rarely as abundant as the minerals 
already discussed, and it is not as consistently represented in all of the 
specimens examined. It is usually found as fine-textured, disseminated 
grains and thin veinlets associated with other sulphides, chiefly sphalerite. 
In some of the more massive ore it may be quite coarsely crystalline. 
Reference has already been made to occurrence of chalcopyrite as an 
“emulsion structure” in sphalerite. One instance of the same relationship 
to tetrahedrite was observed. 


Marcasite.—Marcasite shows a variety of habits (Pl. 4, figs. 1, 2, 3). 
Although most often associated with pyrrhotite and pyrite, it also replaces 
other sulphides such as chalcopyrite, sphalerite, and galena to a minor 
degree. In the case of the Calumet ores, the fact that all the ore minerals, 
including marcasite, are cut by fractures which carry carbonate, serpentine, 
and fine-grained quartz, and the absence of any evidence of leaching, 
oxidation, or enrichment favor a hypogene origin for the mineral. Also, 
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the development of marcasite in pyrrhotite which is entirely enveloped in 
massive sulphides (PI. 3, fig. 4) can scarcely be supergene. 

Marcasite is reported from similar complex ores at the Bodenmais 
Mine, Bavaria, (Weinschenk, 1900, p. 65) and from a deposit in the 
Eastern Alps described by Friedrich (1932, p. 497). At the latter deposit 
it is considered to be supergene. 


RELATIONS OF SULPHIDES AND GANGUE 


The sulphide minerals replace most of the associated gangue minerals, 
including amphiboles, pyroxene, phlogopite and biotite, sillimanite, car- 
bonate, quartz, feldspar, and sericite. They are developed in dissemina- 
tions in silicate rock, in mixed silicate and carbonate rock, and in silice- 
ous gneisses and pegmatites. Some specimens of massive ore contain 
inclusions of unreplaced gangue which consists largely of calcite, and it 
is quite possible that, in such cases, the principal mineral replaced has 
been relatively pure carbonate. The ores thus do not show so consistent 
a localization in zones of mixed silicates and carbonate as was found in 
other lead-zine deposits by Brown (1940). In specimens of mixed car- 
bonate and lime silicate the sulphides commonly appear to be more inti- 
mately associated with the silicates. The ore minerals show a consistent 
spatial association with the silicates, and both are more or less interstitial 
to the carbonate aggregates (Pl. 4, figs. 4,5). Occasionally inclusions of 
sulphide are found within the silicate grains (Pl. 4, figs. 4,5). These re- 
lations are thought to be not so much a measure of the relative ease of 
replacement as a result of the genetic relations between the sulphides and 
silicate minerals at Calumet. Where silicates, such as amphiboles, are 
the dominant gangue, the sulphides are located interstitially to them 
and in fractures and cleavages. Replacement of the silicates has un- 
doubtedly taken place but does not appear to have been extensive. 

The relationships shown by sphalerite and other sulphides to vein quartz 
are sometimes significant. The sulphides, in the cases under consideration, 
are interstitial to the quartz and fill fractures in it, suggesting that they 
have been introduced later. On the other hand, large grains of sulphide 
in this association are free from inclusions or unreplaced remnants of 
quartz. In one specimen of massive sulphides, quartz and sphalerite were 
noted in delicate intergrowth. Also, in some amphibole-rich lime silicate 
rocks, the most abundant sulphide mineralization accompanies small 
quartz lenses. These all suggest that the quartz and sulphides did not 
come in at different stages of mineralization but that they were introduced 
in the same solution. The apparent later age of the sulphides is believed 
to be due to their later solidification. The intergrowth mentioned between 
sphalerite and quartz indicates that there was some overlap in the range of 
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crystallization of the two. Similarly, massive sulphides occurring in 
streaks, veinlets, and blebs in mineralized pegmatite, although obviously 
emplaced after the crystallization of the pegmatite, are also thought to 
have been derived from the same igneous source and introduced as part 
of the pegmatitie liquid. 

Sulphide minerals are sometimes associated with sericitization and albi- 
tization. In mineralized microcline pegmatite specimens from the Bowie 
Pit the sulphides are rimmed by albite and are not found in unaltered 
feldspar (PI. 4, fig. 6). In some lime silicate ores also, sericitized patches 
of feldspar are dotted with tiny grains of galena. 

Serpentine occurs as an alteration of pyroxene, phlogopite, and amphi- 
bole, as veinlets which cut the ore minerals, and as rims around marcasite. 
Thus, the serpentine was probably formed during the final phases of miner- 
alization, in association with marcasite. Smyth (1917, p. 22) described 
a similar relationship at Edwards, New York. 


PHYSICAL CONDITIONS OF MINERALIZATION 


The temperature and pressure under which mineralization took place 
were probably high. The intimate association of lime silicate minerals, 
especially diopside and garnet, with the sulphides is indicative of a rela- 
tively high initial temperature of mineralization. Pyrrhotite, arsenopyr- 
ite, and ferriferous sphalerite are also characteristic of hypothermal, high- 
temperature conditions. 

The flowage of the limestone and carbonate-rich rocks and the lit-par-lit 
injection in some of the gneisses indicate that high pressures must have 
existed during metamorphism and mineralization. These conditions prob- 
ably prevented more than a local and temporary development of a vapor 
phase if, indeed, any developed at all. 


NATURE OF MINERALIZING SOLUTIONS 


Contact metamorphism of the limestone lenses in the ore zone was 
effected by the introduction of various substances to the limestone, which 
was probably dolomitic. The extent to which impurities may have supplied 
ingredients for the crystallization of the silicates is not known, but it is 
thought that their role was a minor one. Assuming that this is true, the 
substances introduced include: abundant silica, as quartz and as a con- 
stituent of feldspar and lime silicates; alumina, chiefly in feldspar, garnet, 
mica, spinel, and epidote or zoisite; soda and potash in mica, feldspar, 
and scapolite; phosphate in apatite; fluorine in apatite and perhaps in 
phlogopite and pargasite; titanium in sphene and rutile; zirconium in zir- 
con; and abundant water in various silicates. During mineralization, sul- 
phur and iron were the most abundant constituents introduced. Zinc, lead, 
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copper, antimony, arsenic, and minor silver and gold accompanied them. 

Mention has already been made of the pegmatitic nature of the granitiz- 
ing solutions. The inference may tentatively be drawn that contact 
metamorphism was largely the result of reaction between pegmatitelike 
solutions and carbonate lenses in the original sediments. Similar con- 
clusions have been reached by Agar (1923, p. 119) in the Oxbow region 
of the West Adirondacks and by Emmons and Calkins (1913), who ascribe 
contact metamorphism in the Philipsburg, Montana, region to agents 
“related to pegmatites in composition” but more diffuse. 

To sum up, the sulphides appear to have been closely associated with 
the solutions (probably pegmatitic in nature) which caused contact meta- 
morphism with late-stage albitization of pegmatitic material and with vein 
quartz. Goranson (1925, p. 121) has emphasized the abundance of pegma- 
tites in the Lawn and St. Anne areas, although he believes that the miner- 
alization is later than the pegmatites. It is admitted that the sulphides 
generally crystallized later than the silicates and quartz of the pegmatites 
and contact metamorphic lenses and that they underwent transfer to 
varying degrees after the latter had been formed. It is felt, however, that 
the relationships just reviewed suggests that the solutions which caused 
contact metamorphism were pegmatitic in nature and that the sulphides 
were associated with the pegmatitic fluid. Owing to the mobility of the 
sulphides, the absence of a correlation between pegmatites and metallic 
mineralization is not critical, but, even if it is only local and occasional, 
the preservation of such an association is significant. 

The preceding discussion implies that there is a closer relation between 
the sulphide ores and the pegmatites than is usually accepted (Lindgren, 
1933, p. 708; Fenner, 1935, p. 60). If the migmatization and metamor- 
phism are due to agents of a pegmatitic nature, then we are faced with 
the possibility that magmatic solutions which, under suitable conditions, 
crystallize as pegmatite dikes may, under other conditions, invest the 
country rock so intimately that their pegmatitic affiliations are concealed. 
Graton (1940, p. 228) has cited the inadequate amount of pegmatite in 
association with many ore deposits as evidence against the importance 
of pegmatites in sulphide mineralization. If the suggestions made above 
are true, this lack of pegmatites, in some cases at least, may be more 
apparent than real. 

Most of the complex base-metal sulphide deposits which have been 
mentioned (Montauban, Edwards and Balmat, Orijirvi Ammeberg, East- 
ern Alps, Broken Hill, and others) have pegmatites associated with them 
in some abundance. It is undoubtedly true that there is a genetic basis for 
this although it is not necessarily as close a relationship as seems to be 


true at Calumet. 
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The role of the limestone in the ore genesis is, likewise, significant. 
Goldschmidt (1911, p. 1) has described carbonate rocks as “absorption 
machines,” a function which undoubtedly belonged to the lenses of ore- 
bearing carbonates in the Calumet deposit. 


SOURCE OF PEGMATITE AND MINERALIZING FLUIDS 
The metamorphism, injection of igneous material, and mineralization are 
evidence of the influence of intrusion and crystallization of a near-by 
igneous body. The presence of a small mass of oligoclase granite in the 
garnet gneiss zone, of larger zones of gneissic granite 1 or 2 miles east of 
the property, and a large area of gneissic batholithic granite 314 miles 
east of the Calumet deposit may represent the granitic parent magma. 
Other intrusives, such as the mass of basic rock and derived amphibolite 
east of Bryson, Quebec, and the diabase dike adjacent to the mineralized 
zone show no evidence of being genetically related to the deposit. 


GENERAL SUMMARY 
The various processes of metamorphism, pyrometasomatism, metasoma- 
tism, and granitization are all considered here to be the effects of the 
injection and permeation of older sedimentary rocks by the late pegmatitic 
extracts of a granitic magma. The mineralizing solutions which produced 
the high-temperature complex sulphide deposit were related to and prob- 
ably were associated with the pegmatitization, at least in its later stages. 
The mineralization thus forms an integral part of the metamorphic and 
igneous history of the area and constitutes the last important mineralogical 
change which the rocks of the area have undergone. 
The succession of events may be tabulated thus: 
1. Regional, or low-grade hydrothermal metamorphism 
(a) Formation of amphibole in impure dolomitic sediments, as first 
stage in the production of amphibolites, with the separation of residual 
calcite. 
(b) (Recrystallization and formation of mica in impure siliceous sedi- 
ments as first stage of “rusty-weathering” gneisses. No examples 
preserved.) 


2. Contact metamorphism 
(a) Contact silicates produced in carbonate amphibolite. 
(b) Formation of phlogopite-labradorite gneisses and fine-grained 
quartz-phlogopite gneiss, with recrystallization of excess carbonate to 


lime silicates. 
(c) Contact metamorphism of limestone lenses in “rusty-weathering” 


gneiss zone. 
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3. Injection and granitization (in part at least contemporaneous with and 
effecting stage 2, but subsequent to it at any one point). 
(a) Amphibolite gneisses and garnet migmatites. 
(b) Thinly banded biotite gneisses and garnet migmatites. 
(c) Coarse injected biotitic zones. 
The formation of pargasite from hornblende is thought to be associated 
with this stage. The production of sillimanite also probably took 
place during injection. 


4. Sulphide mineralization associated with silicification, silicatization, 
injection, and albitization. 


5. Formation of late serpentine, carbonate, and silica following minor 
fracturing of sulphides. 
It should be emphasized that the subdivision into stages is an artificial 
simplification of processes which were often contemporaneous. 


TYPE OF ORE DEPOSIT 


The sulphides in siliceous, pegmatitic, and gneissic gangue are high- 
temperature metasomatic deposits, since they replace the silicate minerals 
at least to some degree. The sulphides associated with the limestone lenses 
show all the characteristics of pyrometasomatic or “contact metamorphic” 
deposits without a true igneous contact. However, it is obvious that they 
formed under the influence of the same agents which produced the first 
groups and therefore, as Graton (1933, p. 531) justly remarks, they may 
simply be regarded as representatives of the hypothermal zone in lime- 


stones. 
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PLATE 2 


PHOTOMICROGRAPHS OF AMPHIBOLITES AND GNEISSES 


Ficure 1—Carsonate AMPHIBOLITE 
Portion of a veinlet of calcite (pale gray, showing twin lines) partially replaced by pyroxene 
(light gray, with strongly marked cleavage) and colorless quartz and feldspar. Amphibole 
occurs as darker gray grains at borders of the photograph and as one or two isolated grains in 
the center. Plain light. x35. 


Ficure 2—Carsonate AMPHIBOLITE 
Chains of hornblende (black) surrounding granules of carbonate (gray), with quartz and 
feldspar. Plain light. x35. 


Ficure 3.—CarBoNaTe AMPHIBOLITE 
Pyroxene (light gray, high relief, strong cleavage) and scapolite (white with faint cleavage) 
surrounded by a discontinuous rim of hornblende (dark gray). Quartz and feldspar (white) 
associated with hornblende. Biotite in upper right hand corner. Plain light. x35. 


Ficure 4.—Brotite AMPHIBOLITE 
Hornblende (pale gray), biotite (medium gray to black), corroded by quartz and feldspar 
(white). Plain light. 


Figure 5.—Fine-Gratnep “Rusty-WEATHERING” Gnetss (taken slightly out of focus) 

Sillimanite (fibrous, dark-gray mass) surrounded by granular-looking sericite. Quartz 

(white) with interstitial alkali feldspar (faintly gray mottled). Darker-gray, irregular ma- 
terial phlogopite. Sulphides black. Plain light. x35. 


Ficure 6.—“Rusty-WEATHERING” GNEISsS ZONE 
Labradorite (pale gray) and biotite (medium gray with pleochroic haloes) cut by veinlike 
masses of quartz (outlined in ink). Sulphides (black) associated chiefly with the phlogopite. 
Plain light. x35. 
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Pirate 3 
GNEISS AND PARAGENESIS OF ORES 


Ficure 1—Smicrous GARNETIFEROUS GNEISS 


Tabular labradorite crystal, with numerous rounded inclusions of quartz and with large area 
of quartz just below it. Just to right and below a grain of garnet (black). A few grains of 
biotite are visible. x-nicols. x35. 


Figure 2—GaALeNA (WHITE) AND SPHALERITE (GRAY) 


Note the distribution of fine specks of galena through the gangue (black) and inclusions of 
sphalerite in the galena. Reflected light. x120. 


Ficure 3.—Pyritic Ore 
Pyrite (white, high relief) corroded and rounded by galena (white to gray) and sphalerite 
(dark gray). Reflected light. x53. 


Figure 4.—“Porpuyritic” Ore 


Sphalerite and gangue black. Pyrrhotite shows initial stages of alteration to marcasite along 
grain boundaries. Pyrrhotite is slightly grayer than the galena which shows no alteration. 
Reflected light. x125. 


Ficure 5—“Exso.ution” SrrucTURE 
Grains of pyrrhotite (white) scattered through sphalerite (dark gray). Reflected light. x266. 


Ficure SrrucTurE 
Veinlets and dots of pyrrhotite (white) in sphalerite (gray). Reflected light. x245. 
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Pate 4 
PARAGENESIS OF ORES 


Ficure MArcASITE 


Crystallized marcasite (white) with pyrrhotite (gray) and an intermediate stage alteration 
preliminary to the crystallization of marcasite. Reflected light. x120. 


Figure 2—Marcasite 


Concentric structure of marcasite replacing pyrrhotite (dark gray) with the development of 
gangue-filled cavities. Reflected light. x120. 


Ficure 3.—Marcas!TE 
Well-crystallized marcasite, probably after pyrrhotite. Reflected light. x120. 


Figure 4—RELATIONS OF ORE AND GANGUE 


Sulphides (black) associated with silicates (fine-grained material) and relatively absent from 
the main carbonate areas (coarse-grained with strongly marked cleavage and twinning). Plain 
light. x21. 


Ficure 5.—RELATIONS OF ORE AND GANGUE 


Galena, associated more closely with silicates (diopside) and spinel. Note partial rims of 
spinel (small octahedral grains with high relief) around carbonate grains (light-gray, low 
relief) and fine grains of galena scattered through the diopside. Plain light. x21. 


Ficure 6.—RE.LATIONS oF SPHALERITE TO PEGMATITE 


Sphalerite veinlet in pegmatite, comprising quartz, myrmekite, and microcline-perthite. Note 
albitization of microcline along contact with sulphides. x-nicols. x35. 
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Ficure 1. Exrerior or Truck CArryinG AMPLIFYING EquiPpMENT 
Seismo-pickups on ground to left of truck. 


Ficure 2. INTERIOR OF TRUCK witH SEIsMIC EQuIPpMENT 
Panel with six amplifiers in center; recording camera and telephone equipment to 
right center; developing and fixing tanks at lower right. 


VIEWS OF TRUCK MOUNTED WITH SEISMIC EQUIPMENT 4 
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ABSTRACT 


Geological mapping in western New Hampshire has delineated bodies of orthogneiss 
lying in structural basins of quartzite and schist. The object of the present investiga- 
tion was to test the utility of seismic reflection methods for determining the depths 
of the lower contact of the gneiss at various points and to correlate these data with 
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Ficure 1—Generalized geological map of western New Hampshire 


A = Mascoma basin of Bethlehem gneiss; B = Bellows Falls basin of Bethlehem 
nme Based upon published works of C. H. Hitchcock (1874, 1877, 1878), 
illings (1937), K. Fowler-Lunn and L. Kingsley (1937), E. P. Kaiser (1938), C. A. 
Chapman (1939), J. B. Hadley and C. A. Chapman (1940), L. R. Page (1940), and 
oa — works of M. P. Billings, C. A. Chapman, R. W. Chapman, and 
. C. Kruger. 
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deductions made from geological observations at the surface. In one of the basins 
the seismic investigations were confined to one locality. In a second basin four locali- 


ties were studied. 

The surface velocity of the seismic waves in the orthogneiss varied from 11,600 feet 
per second to 25,250 feet per second, and at one locality it was possible to calculate 
from the reflected waves an effective average velocity of 17,000 feet per second. Re- 
flections were obtained at all localities, except for one place where the records were 
illegible. In the basin where the studies were confined to one locality the discrepancy 
between the geological and seismic data was 20 per cent. In the second basin the 
average discrepancy was approximately 15 per cent. 

The complete mapping of such a basin by seismic means would be difficult be- 
cause of the nature of the terrain, which impedes the transportation of the equipment. 
The variation in the velocity of transmission of seismic surface waves introduces a 
factor of uncertainty. Moreover, the thickness of the glacial drift in many places is 
a complicating factor. 

PROBLEM 


Geological mapping in western New Hampshire has revealed meta- 
morphosed sediments and volcanics which range in age from probable 
Ordovician to lower Devonian. Billings (1937) has assigned the intru- 
sions to four magma series. The late Ordovician (?) Highlandcroft 
magma series and the Mississippian (?) White Mountain magma series 
are not involved in the present study. The Oliverian magma series, 
probably middle or late Devonian, occupies a series of intrusive domes, 
most of which are in the center of an anticline that can be followed for 
over 100 miles along the strike (Fig. 1). The Bethlehem gneiss, which 
belongs to the late Devonian (?) New Hampshire magma series, was 
injected for the most part concordantly with the bedding and schistosity. 
One pluton of the Bethlehem gneiss is a prominent structural unit east 
of the domes and is elongated parallel to the regional trend. 

Masses of Bethlehem gneiss occupying structural basins are isolated 
west of the domes. Two of these outlying basins, at point A (Fig. 1) in 
the Mascoma quadrangle and at point B (Fig. 1) in the Bellows Falls 
quadrangie, have been studied by seismic methods in order to see how 
successfully geological and seismological data might be correlated. 

The use of seismic methods for determining subsurface structure in the 
search for petroleum is well known. The results have more than justified 
the use of the method despite the large expense necessary to maintain a 
crew in the field. Practically all such surveys, however, are conducted in 
sedimentary rocks where the structure is relatively simple; moreover, the 
velocities are comparatively slow, and frequent calibration at wells is 
possible. The difficulties of studying steeply dipping beds (Heiland, 
1936), are well known to the field observer and the computer. When 
employing seismic methods in areas where the structure is not only com- 
plicated but where rocks with high velocities are present, it is expected 
that the percentage of error will increase. 
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The geological field work on the Mascoma quadrangle by C. A. Chap- 
man (1939) required the entire summers of 1935 and 1936, whereas that 
on the Bellows Falls quadrangle was done by F. C. Kruger during the 
summers of 1937 through 1940. The field observations were plotted on 
photostatic copies of the regular topographic sheets enlarged three times 
to the scale of 3 inches to a mile. In places of more complex geology 
or places where determination of location was difficult, pace and compass 
maps on scales of 200 to 880 feet to the inch were used. The seismological 
work was done by D. Linehan, 8S. J., in September 1938 and in August 


1939. 
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SEISMIC SURVEYING 
PRINCIPLES OF METHOD 


The seismic reflection method is simple in principle. A dynamite 
blast at the shot point sets up vibrations that are received by instruments 
known as seismo-pickups which are placed at measured intervals away 
from the shot point. The vibrations received are amplified and recorded 
by the seismograph. The instant of the shot is recorded by an electrical 
timing device. The direct surface waves upon arrival at each of the 
seismo-pickups set up a vibration that continues until broken by the 
reception of seismic waves reflected from some horizon at depth. The 
reflected waves interfere and set up a new phase of vibration, thus causing 
a noticeable change in the character of the record. The elapsed time 
between the instant of shot and the time of arrival of the direct wave at 
each seismo-pickup gives the velocity of seismic waves for that rock. 
Figure 2 shows velocity curves of seismic waves. One half of the elapsed 
time between the instant of shot and the arrival time of the reflected 
wave at each seismo-pickup, multiplied by the velocity of the direct wave, 
makes a calculation of the depth to a reflecting horizon possible with 
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sufficient accuracy for these tests. Figure 3 shows the type of record of 
seismic reflections obtained. As successive reflected waves from deeper 
horizons are received, the vibrations recorded are changed by inter- 
ference to show the effects of the newer reflections. 
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Ficure 3—Type of record of seismic reflections from lower contact of 
Bethlehem gneiss 
Reflection is lost of the 50-foot trace due to proximity of explosion. 


The velocity may also be determined in another way. What is known 
as the effective average velocity is computed by timing the reflections 
and plotting the square of the time against the square of the distance to 
the seismo-pickup. 

The seismic refraction method requires a horizontal spread of the shot 
point and the recording instruments that is directly proportional to 
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the depth of the refracting horizon and inversely proportional to the 
velocities of seismic waves in the two rocks forming the refracting horizon. 
In this study it was not certain that the refracted waves from the lower 
layer of rock at any point were recorded. The profiles could not be 
extended to greater lengths with practicability; for this reason interpre- 
tations are based upon reflections only. 


METHOD ADOPTED 


To study these basins of Bethlehem gneiss the reflection method would 
be ideal if continuous profiles of the bottom contact could be maintained 
the entire distance across the bodies. The data thus obtained would be 
conclusive. The method actually adopted because of practical limita- 
tions made use of reflections from the bottom contact at selected con- 
venient localities. This method, though not entirely satisfactory, 
presented data that permit some check on the geological structure sections. 


APPLICATION OF METHOD 


Equipment.—The bulky equipment of such a survey necessitates a 
truck (PI. 1, fig. 1) for transportation of the seismo-pickups, connecting 
cables, timing and blasting wires, blasting box, telephone equipment, and 
batteries. Dynamite and digging tools are also carried. The truck is 
supplied with amplifiers for each of the seismo-pickups and a recording 
camera. The interior is designed as a darkroom including photographic 
tanks (PI. 1, fig. 2). 


Limitations——The application of a seismic survey is limited by several 
factors, only some of which are geological. Transportation is perhaps the 
chief limitation of such a study. If, as in most cases, the amplifying and 
recording equipment is mounted in a truck, the working distance from 
the road is limited, of course, by the length of the channel wires from 
the seismo-pickups to the truck. If the equipment is portable, the 
working locations depend upon the physical capabilities of the field 
party. For the Mascoma locality portable equipment was used, but in 
the Bellows Falls locality the equipment used was mounted in a truck. 

If the shot holes are to be in bedrock the seismic truck must be pre- 
ceded by drilling equipment. Usually this limits the locations of shot 
points to short distances from the road because of the length of the air 
hose from the compressor. If the shot hole is to be in unconsolidated 
deposits, the location is determined by the ease of hand digging in the 
particular material. 

Technically the individual outcrop should be massive and unjointed. 
It is desirable that the hole for blasting be 6 feet or more deep. The 
charge is tamped with water for each blast so that sufficient power is 
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directed downward to set up recording waves, but at the same time 
expulsion of the water saves the hole for additional shots. Since many 
shots may be made at the same locality, a source of water for tamping 
should be near-by. 

The seismo-pickups are connected along the cable at regular intervals 
which do not always permit the seismo-pickups to be placed on rock 
outcrops. Moreover, the outcrop must have a level surface in order that 
the seismo-pickups can stand nearly vertical. Trials were made in which 
the shot holes were in glacial drift and with the seismo-pickups placed 
on mineral soil; comparable results were obtained from these variations 
of the procedure. Induction from electrical transmission lines or electri- 
fied stock fences caused interference in the recording of the seismograph. 
Of course the deciding factor in the selection of any site for study was 
permission for blasting; obtaining this permission was troublesome 
only once. 

MASCOMA AREA 

Some of the Bethlehem gneiss in the Mascoma quadrangle which has 
been mapped by C. A. Chapman (1939) occupies a structural basin in the 
Silurian Clough formation. The body of gneiss is 214 miles in diameter. 
The foliation of the gneiss and the bedding and schistosity of the meta- 
morphosed sediments dip uniformly toward the center of the basin at 
angles from 35 to 55 degrees. 

The Bethlehem gneiss is a medium-grained, biotite-rich rock ranging 
from granodiorite to quartz monzonite. The Clough formation consists 
of from 200 feet to 1200 feet of conglomerate, quartzite, and mica schist. 
Lovally it is cut out by igneous intrusions. Though it is intimately con- 
torted, the quartzitic nature of the Clough formation as contrasted with 
the Bethlehem gneiss provides an ideal discontinuity for seismic reflection 
methods. 

The seismic surveys were first carried out on the Mascoma basin in 
September, 1938. Here two suitable areas were located near the center 
of the basin, but permission for blasting at one was refused. As a result 
of this, only two shot points about 300 feet apart were used for this pre- 
liminary work. At each point several holes for blasting were drilled and 
each hole could be used from five to seven times before becoming useless 
either by collapse or by the opening of fractures which allowed the tamp- 
ing water to escape. 

At this location the strike of the foliation of the gneiss is N. 10° E. 
dipping nearly vertically. The seismo-pickups were laid out in a traverse 
450 feet long parallel to the strike of the gneiss. The geological cross 
sections for the Mascoma locality (Fig. 4) show the contact between the 
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Bethlehem gneiss and the top of the Clough formation to be 2650 feet 
below the surface or 1350 feet below sea level. The geological section also 
shows the contact between the bottom of the Clough formation and the 
top of the Ammonoosuc volcanics to be 3950 feet below the surface or 
2650 feet below sea level. 

The velocity of the direct wave in the gneiss obtained here was 11,600 
feet per second. The contact between the Bethlehem gneiss and the 
Clough formation as determined by seismological methods is 2120 feet 
below the surface or 820 feet below sea level. The bottom of the Clough 
formation as determined seismically is 4150 feet below the surface or 
2770 feet below sea level. 


BELLOWS FALLS AREA 
GEOLOGICAL DESCRIPTION 


The structural basin in the Bellows Falls quadrangle (Pl. 2) is occupied 
by a thick sheet of Bethlehem gneiss which has been injected into the 
Devonian Littleton formation at a horizon 2500+ feet above the top of 
the Clough formation. The intrusion of the gneiss took place during or 
after the last major folding of the region. Subsequent erosion has un- 
roofed the gneiss. The enclosing metamorphosed sediments of the basin 
wrap conformably around the gneiss. The bedding, wherever observed, 
is parallel to the schistosity of the metamorphosed sediments, and both 
bedding and schistosity are parallel to the foliation of the gneiss. 

Though the basal contact of the gneiss and the schist was not observed 
at any place, it is inferred that the contact is parallel to the concordant 
foliation and schistosity. 

At the eastern edge of the gneiss (PI. 2, point B) the log of an artesian 
well confirms the assumption that the contact is parallel to foliation and 
schistosity. The drill hole passed through the Bethlehem gneiss and 
obtained water from the underlying Littleton formation. The depth of 
the contact in the drill hole is consistent with the interpretation of the 
geology. The Bay State Artesian Well Company of Concord, New 
Hampshire, reports that the change of lithology from gneiss to schist 
was noticed in drilling operations 162 feet below the surface. The well is 
200 feet deep and pumps 6 gallons per minute below 100 feet. 

The inference that schistosity and foliation are in general parallel to 
the contacts of the Bethlehem gneiss was also found to be valid in the 
Moosilauke quadrangle by Billings (1937). 

The foliation of the gneiss and the schistosity of the enclosing forma- 
tions dip uniformly toward the center of the basin. In the southern part 
of the basin, the contact between the overlying Bethlehem gneiss and the 
Littleton formation dips 30 degrees to the north. Along the western 
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boundary the contact dips from 30 to 50 degrees toward the east. The 
dips at the northwest portion are vertical but decrease on the north edge 
of the basin to dips of 45 degrees to the south. At the eastern extremity 
of the basin the contact between the gneiss and the schist dips 30 degrees 
to the west. 

The map (PI. 2) shows a large mass of schist extending into the gneiss 
from the southeast. This body of schist forms a large septum or screen 
which intervenes between an upper portion of the gneiss to the northeast 
and a lower portion to the south and west. The attitude of the schist 
within the septum is entirely conformable with the schist that underlies 
the gneiss; both dip toward the center of the basin. The pattern of the 
minor folds, the attitude of the axial planes, and the plunge of fold axes 
all show that the septum of schist is a limb of a major fold (Fig. 4, sec. 
G-J). The persistence of the screen beneath the gneiss is impossible to 
deduce from surface structural data, but seismic evidence suggests ex- 
tension as shown in the cross section. This interpretation shows the 
septum conformable with the underlying schist which forms the floor of 
the body of gneiss. 

The Bethlehem gneiss has the average mineral composition of a quartz 
monzonite, and the grain size averages less than one millimeter in 
diameter. Though the rock may appear to be porphyritic, its typically 
granoblastic texture makes it wholly equigranular. The gneiss is unu- 
sually rich in biotite which gives it a noticeable foliation. In very favor- 
able exposures a linear streaked arrangement of patches of biotite may 
be observed. Lineation may also be measured from the orientation of 
elongated inclusions. 

The surrounding Littleton formation is for the most part composed of 
schist which is highly micaceous, containing varying amounts of quartzitic 
material. Discontinuous pure quartzite horizons are present but are 
quantitatively an unimportant part of the Littleton formation. A few 
pre-metamorphism amphibolitic volcanics are also interbedded with the 
schist. The rocks forming the floor of the basin are everywhere middle- 
grade types of the Littleton formation, containing such minerals as biotite, 
garnet, and staurolite. In general the septum of the Littleton formation 
that juts into the gneiss is composed of coarse-grained high-grade schist 
containing sillimanite and garnet. 

The eastern half of the basin is the downthrow side of a normal fault 
with a displacement of approximately 1500+ feet. No horizontal move- 
ment was noted. The fault plane where observed at one locality strikes 
N. 25° E. and dips approximately vertically. The body of gneiss in the 
Bellows Falls basin is from 3 to 5 miles in diameter and is accessible for 
seismological study in critical portions by roads. 
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VELOCITY OF DIRECT WAVES 


More extensive studies were made of the structural basin in the Bellows 
Falls region in August 1939. The investigation was confined to four 
localities—points C, F, H, and K (PI. 2). 

Surprising differences of the velocity of the direct longitudinal waves 
in the Bethlehem gneiss were discovered, although the rock appeared to 
be petrographically uniform. At locality C, where the seismic profile 
was at right angles to the strike of the foliation, which at this place dips 
25 degrees, the velocity was computed to be 14,750 feet per second. At 
locality F the profile was nearly parallel to the strike of the foliation 
of the gneiss which dips 25 degrees. The velocity here was 25,250 feet 
per second. At locality H the relationship of the seismic profile to the 
foliation of the gneiss was indeterminable because of the glacial drift. 
The record obtained at locality H, however, gave sufficient reflections to 
determine the effective average velocity as 17,000 feet per second. At 
locality K, the profile was at right angles to the vertical foliation. The 
velocity was 15,000 feet per second. The velocities of longitudinal waves 
in massive gneiss as given by Heiland (1940, p. 472, Table 52) are 
14,896 to 24,606 feet per second. 

The depth to the reflecting horizon is calculated by multiplying the 
velocity by one half the travel time of the reflected wave. It is apparent 
that some uncertainty is introduced into the calculations because of the 
range of the value of the velocity. (See Table 1.) 


DETERMINATIONS OF DEPTH 


General statement—By means of the Busk (1929) method of the 
reconstruction of folds from surface geological data, the contact of the 
gneiss and the schist was projected in cross sections (Fig. 4) for the 
several shot points concerned. This method yields a somewhat larger 
figure for the depth of the gneiss than seismic sounding but checks 
remarkably with the actual well record. Considering the nature of the 
problem, the discrepancy between the results of the geological and seismic 
methods is reasonable. (See Table 1.) 


Locality C.—At locality C the depth of the bottom of the gneiss can 
be calculated by geological methods in several ways. The section A-B 
(Fig. 4; Pl. 2) was constructed from the southern contact of the basin 
to the artesian well, at which point the depth of the contact was known 
to be 162 feet below the surface, that is, 338 feet above sea level. This 
actual depth was closely approximated by the figure of 170 feet below 
the surface or 330 feet above sea level, obtained by graphical construction. 
Continuing the section B-C (Fig. 4; Pl. 2) by using the surface data in 
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a projection from the bottom of the well, as the closest known datum, 
the depth of the contact at shot point C obtained by construction was 
320 feet below the surface or 130 feet above sea level. Another section 
D-C (Fig. 4; Pl. 2) constructed from the eastern contact of the basin 
has good surface geological control and gives a depth figure of 400 feet 
below the surface or 50 feet above sea level at the same shot point C. 

The strike of the seismic profile was east-west, approximately perpen- 
dicular to the foliation of the gneiss which strikes N. 20° W. and dips 
25° SW. The profile was 350 feet long. For this profile the seismo- 
pickups were in each case placed on bedrock so that no corrections for 
cover were necessary. The shots were fired in a 6-foot drilled hole. The 
determination of the bottom of the gneiss by the seismic method at 
point C was 310 feet below the surface or 140 feet above sea level, using 
the observed velocity of 14,750 feet per second. The depth, obtained by 
using the effective average velocity for the Bethlehem gneiss was 357 feet 
below the surface or 93 feet above sea level. 


Locality F.—Another traverse of shots was made on the northeastern 
flank of the body of gneiss at locality F where greater depths were 
expected and were encountered. The section E-F (Fig. 4; Pl. 2) based 
on geological observations shows the contact between the gneiss and the 
schist at shot point F to be 800 feet below the surface, that is, 200 feet 
below sea level. 

The foliation of the gneiss at locality F strikes N. 70° W. and dips 
25° SW. The seismic profile had a strike of west-northwest and was 
1150 feet long. Here shots were fired both in bedrock at a depth of 6 feet 
and in glacial drift at depths of from 8 to 10 feet. The seismo-pickups 
were placed on bedrock wherever possible. Where the cover was shallow 
it was removed; otherwise the thickness of the cover was determined by 
seismic refraction or by measuring the displacement of the velocity curve 
due to this cover (Fig. 3). The determinations of the depth of the contact 
at locality F by seismic methods gave 780 feet below the surface or 180 
feet below sea level using the observed velocity of 25,250 feet per second. 
If the calculation is made using the effective average velocity obtained 
for the Bethlehem gneiss, the depth is 525 feet below the surface or 75 
feet above sea level. 


Locality H.—An opportunity for a continuous seismic profile was 
afforded along a north-south road that traverses the gneiss. For a 
determination of much greater depth at point H (Fig 4; Pl. 2) near the 
center of the basin, larger amounts of charge were used, and the blasting 
was done in glacial drift. At this locality the widespread kame terraces 
prohibited good geological control. The greater thickness of cover made 
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Taste 1—Results of geological and seismological studies 


Mascoma Bellows Falls 
locality locality 
Point C Point F Point H Point K 

Depth of cover of 0 0 0-21 30-60 0 
glacial drift in 
feet 

Length of profile 450 350 1150 700 350 
in feet 

Strike of profile N-S E-W WNW N-S N-S 
Strike and dip of | N. 10° E. N. 20° W. N. 70° W. | Unknown . 80° W. 
foliation Dip 90° Dip 25° SW. |Dip25°SW. Dip 85° SW. 
Surface velocity | 11,600 14,750 25,250 11,950 15,000 
in feet per second 

Depth in feet of 2650 320 to 400° 800 1480¢ 

eiss using geo- | (—1350)* |(+130)* (+50)2| (—200)7 | (—1050)2 

ogical surface 

data 

Depth in feet of a 39504 3650¢ 

deeper geological | (—2650) (—3220)2 

horizon 

Depth in feet of 

gneiss using effec- 

tive average 

velocity of 17,000 357 525 1496 

feet per second, (+93)¢ (+75) (—1066)2 

computed from 

4? and t? of re- 

flections at point 

H 

Depth in feet of 2120 310 780 1360 

gneiss using ob- | (—820) (+140) (—180)2 (—930)2 

served velocity 

Depth in feet of 41504 30 ,000¢ 

deeper reflections | (—2770) (—29 570) 

using observed 

velocity 


® Figure in parenthesis refers to sea level. 
> Two sections based on different geological data give two different values of depth at Bellows Falls, 


locality C. 


© Contact between the upper part of the gneiss and the septum of schist at Bellows Falls, locality H. 
ics, Mascoma locality. 
© Contact between the lower part of the gneiss and the schist underlying the basin at Bellows 


@ Contact between the Clough formation and the A 


Falls, locality H. 


suc 


it necessary that the profile be run either side of the shot point H so 
that a reversal of profile could be obtained. The seismic profile was 
extended 350 feet north and south of the shot point H. 

On the geological section G-J (Fig. 4; Pl. 2) the contact of the upper 
gneiss and the septum of schist is 1480 feet below the surface or 1050 feet 
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below sea level at point H. At the same locality the bottom contact of 
the lower gneiss and the schist is 3650 feet below the surface or 3220 
feet. below sea level. 

Both of these discontinuities were registered by the seismograph at 
locality H. The contact of the septum is 1360 feet below the surface or 
930 feet below sea level using the observed velocity of 11,950 feet per 
second for the seismic calculations. If the effective average velocity 
is used the depth obtained is 1496 feet below the surface or 1066 feet below 
sea level. A deeper seismic reflection at locality H, which may represent 
the bottom contact of the lower gneiss, was recorded at 30,000 feet below 
the surface or 29,570 feet below sea level using the observed velocity for 
calculation. 


Locality K—A measurement of the depth of the basin of gneiss was 
attempted in the northwestern part at locality K (Pl. 2). The foliation 
of the gneiss has an east-west strike and dips nearly vertically. The 
strike of the seismic profile was north-south. At this locality drilled 
shot holes did not permit the use of sufficient explosives so that no con- 
clusive depth data were obtained. The velocity was measured as 15,000 
feet per second. Moreover, point K was undoubtedly unfavorably 
located. It was equidistant from the steeply dipping walls of the basin 
of gneiss which might have been closer to the shot point than the in- 


ferred floor. 
SUMMARY AND CONCLUSIONS 


The data are summarized in Table 1. The seismic reflection method 
and the method of geological projection gave corroborative evidence of 
the depth of the structural basins of gneiss underlain by quartzite and by 
schist. The checks of the seismic method against the geological method 
are encouragingly within the expected limits of error of the two methods. 
At the Mascoma locality, and point C and point H of the Bellows Falls 
area, reasonably good checks were obtained; at locality F the check was 
not so good. The marked variations in velocity of the seismic waves in 
the gneiss were an unexpected complicating factor. When the problem 
was undertaken it was hoped that it would be feasible to chart both basins 
completely, but the limitations of the seismic apparatus in difficult ter- 
rain as well as the time and expense involved did not seem to justify ex- 
pansion of the studies. 
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ABSTRACT 


A detailed field examination of an area between Plymouth and Rochester, Vermont, 
on the east side of the Green Mountain range was made in an attempt to locate the 
root zone of the Taconic thrust fault. Evidence was found that the roots of the 
thrust do not outcrop in the area studied. The discordant relationships of the Green 
Mountain sequence to the marbles of the Rutland valley suggest that the fault lies a 
short distance east of the marble belt. The Green Mountain sequence in this latitude 
appears to form an eastward-dipping homocline rather than an anticline as previously 
thought. A minimum figure of 14,000 feet is estimated for the stratigraphic thickness 
of the Green Mountain sequence. 


INTRODUCTION 
TACONIC THRUST FAULT 


Investigators of the structure of the Taconic Mountains of western Ver- 
mont and Massachusetts have found evidence for a gigantic thrust fault, 
the Taconic thrust, along which the Cambro-Ordovician argillaceous sedi- 
ments of the Taconic Mountains have been shoved many miles west- 
ward over the contemporaneous calcareous rocks of the Valley sequence. 
The most significant evidence in favor of the thrust hypothesis is based 
upon a consideration of depositional facies. Generally accepted con- 
cepts of sedimentary environments will not permit an abrupt lateral tran- 
sition from an exclusively calcareous to an exclusively argillaceous type 
of deposition. It is necessary to postulate that these different types of 
sediments were laid down in separate basins or different parts of the 
same basin wherein for some reason the environments of deposition were 
different. The only explanation which adequately accounts for the pres- 
ent intimate association of contemporaneous clay and lime sediments is 
horizontal faulting on a grand scale. 

The argillaceous rocks of the Taconic thrust sheet lie in a huge thrust 
outlier, or klippe, which extends from west-central Vermont southward 
probably as far as the Catskills (Fig. 1). No physical connection exists 
today between this klippe and the roots of the thrust, as erosion has ex- 
posed the rocks beneath the thrust sheet on all sides. Since no structures 
which could possibly contain the roots of the thrust occur north, west, or 
south of the klippe, it has been concluded that the fault plane plunges 
back into the depths to the east of the Taconic Range, in the heart of the 
Green Mountains of western New England. 

In the opinion of the present author, previous attempts to locate the 
eastern roots of the Taconic thrust fault have not yielded convincing 
results. Prindle and Knopf (1932) in the Taconic quadrangle of western 
Massachusetts suggest that it outcrops on the west slopes of Hoosac 
Mountain, but this area is so complicated that the evidence is not very 
clearly defined. Keith (1932), in Plymouth township of central Vermont, 
noted the striking lithologic similarity between the green schists east of 
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Ficure 1—Geologic structure of western New England 
After Kay (1937). 


the Green Mountain range and the slates of the Taconic sequence and 
assumed that they were taxonomic equivalents. He considered the 
quartzites and dolomitic marbles beneath the schists of Plymouth town- 
ship to be the exposure of the autochthonous Rutland marbles on the 
eastern limb of the Green Mountain anticline. From this he concluded 
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that the Taconic thrust outcrops at the contact of the schists and the 
quartzites and marbles. He mentioned that he had also found evidence 
for a structural discordance at this contact but published no map or 
detailed field data to support this conclusion. 


PROBLEM 


The problem of the present investigation was the detailed examination 
of an area which might contain the roots of the Taconic thrust in order 
to prove the presence or absence of the fault within that area. The ter- 
rane between Plymouth and Rochester, Vermont, (Fig. 1) was chosen 
because: (1) Keith (1932) had already reported evidence for the roots 
of the thrust from that area; (2) Perry’s (1928) earlier work in Plymouth 
and Bridgewater townships had established the broad outlines of the 
stratigraphy; and (3) the structures of the Taconic fault at the northern 
end of the klippe, 20 miles northwest of Plymouth, had been worked out 
in greater detail than in any other locality (Kaiser, 19388; Cady, 1938). 

The present paper is a condensation of a thesis submitted to the Massa- 
chusetts Institute of Technology in partial fulfillment of the require- 
ments for the degree of Doctor of Philosophy. The complete report is 
obtainable from the Institute library. Four and one half months were 
spent in the field during the summer and fall of 1939. 
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STRATIGRAPHY 


GENERAL CONSIDERATIONS 


Perry’s mapping of Plymouth and Bridgewater townships east of the 
Green Mountain range revealed two major lithologic groups: (1) the 
underlying quartzites, quartz schists, dolomitic marbles, and gneisses of 
the Green Mountain axis; and (2) the overlying argillaceous schists and 
quartzites. He divided the lower group into three series—the Mt. Holly 
gneiss of “Archean” age, the Mendon series of “Algonkian” age, and a 
younger group of less metamorphosed quartzites and dolomitic marbles 
of “older Cambrian” age. The upper group was subdivided into four natu- 
ral classifications, the lowest Pinney Hollow green sericite schist, the 
Ottauquechee group of black phyllites and quartzites, the Bethel green 
schist, and the Missisquoi group of green schists and argillaceous quart- 
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zites. He considered that the formations of this group were of younger 
Cambrian age, since they underlie with apparent unconformity the 
Ordovician Memphremagog group of central Vermont. No fossils have 
yet been identified from any of these formations, so that Perry’s age 
classification is open to question. The rocks of both groups are commonly 
referred to as the Green Mountain sequence, as distinguished from the 
autochthonous Valley sequence of the Champlain and Rutland valleys, 
and the overthrust Taconic sequence of the Taconic Mountains. 

On the average, the rocks of Plymouth and Bridgewater townships 
strike north-south and dip to the east. Perry, following Whittle (1894), 
was of the opinion that they lie on the eastern flank of a major anticline, 
the axis of which coincides with the crest of the Green Mountains. 

In tracing the horizons of Plymouth township north to Rochester, the 
present author found reason to revise the stratigraphic nomenclature of 
the lower part of the Green Mountain sequence. The distinguishing 
features of the three lower groups appear to fade out toward the north. 
In the absence of any evidence for unconformities throughout the section, 
the writer is of the opinion that these groups all belong to the same con- 
tinuous sedimentary series, with merely local variations in lithology. 
Perry’s use of the term “Mendon series” was based on the assumption 
that the quartz schists of Plymouth are equivalent to the Mendon series 
from the type locality east of Rutland (Whittle, 1894) and that they 
lie on opposite flanks of the Green Mountain anticline. Since there is 
not only no lithologic correspondence between the two, but also definite 
evidence that the structure of the Green Mountains is not anticlinal in 
this latitude, the term Mendon series becomes confusing when applied 
to the rocks of Plymouth township. The Mt. Holly series was originally 
defined as those rocks which lie beneath the Mendon series. Since the 
latter has not been identified east of the type locality, it seems best also 
to discard the term “Mt. Holly” from discussions of the eastern flanks of 
the Green Mountains. 

The present author proposes the general term “quartz schists” to in- 
clude all the rocks of the Green Mountain core which lie beneath the 
Pinney Hollow schist on the east side of the range. He suggests that the 
lower part, which Perry designated “Mt. Holly,” be called the “Pico Peak 
series,” and the upper part, including Perry’s Mendon series and Older 
Cambrian group, be called the “Plymouth Union series.” It should be 
emphasized that these are intended as purely local names, which may 
prove to be not applicable outside the area herein described. The forma- 
tions above the Plymouth Union series and beneath the Ordovician Mem- 
phremagog group are grouped together as “sericite schists.” 
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The proposed nomenclature for the rocks beneath the Pinney Hollow 
schist is as follows: 


Proposed Perry’s 
Nomenclature Nomenclature Lithology 
Plymouth Union Older Cambrian Quartzites, 
series group dolomitic marbles, 
quartz schists 
Mendon series 
Pico Peak series Mt. Holly series Quartz schists, 
dolomitic marble, 
sedimentary gneisses 


QUARTZ SCHISTS 


Pico Peak series——The Pico Peak series is undifferentiated quartz 
schists, quartzites, and quartzose gneisses. While these rock types make 
up 98 per cent of the stratigraphic column in this series, variations in 
grade and intensity of metamorphism over short distances render them 
useless as marker horizons. A distinctive bed of pure dolomitic marble, 
100 feet or more in thickness, was the only traceable bed in the series. 
The most satisfactory exposures of this horizon are in the valley east of 
Blue Ridge Mountain, but an outcrop of similar dolomite occurs on the 
north slope of Pico Peak which is thought to be part of the same forma- 
tion. The trend of this dolomite bed closely parallels the trend of the 
structure in the less obscure terrane to the east and is believed to be 
part of the same sedimentary sequence. 


Plymouth Union series—The Plymouth Union series is characterized 
by quartz schists, quartzites, quartz conglomerates, and dolomitic 
marbles. The basal contact with the Pico Peak series is marked by a 
clean massive quartzite. Near Plymouth, the upper part of the series 
contains several 50-foot beds of massive dolomite which finger ov+ toward 
the north. Near the top of the Plymouth Union series north of Sherburne, 
a well-defined conglomerate, the Sherburne conglomerate originally de- 
scribed by Richardson and Maynard (1938), may be traced for 4 miles 
along the strike. A 600-foot transition zone between this series and the 
sericite schists apparently reflects a change of depositional environment 
from near-shore to off-shore conditions. It is composed of rocks inter- 
mediate in composition between the quartz schists and dolomites below 
and the sericite schists above. 

North of North Sherburne, the distinctive horizon markers of the 
quartz schists lose their identity as a result of intense secondary deforma- 
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Figure 2.—Plan and generalized section showing relations of Green Moun- 
tain, Taconic, and Valley sequences 

Rutland Valley from Bain (Longwell, 1933); Taconic Sequence from Kaiser (personal 
communication); Brandon Valley from Cady (personal communication). 
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tion. The only horizon in this area which was mapped in detail was a 
75-foot dolomite bed on Mt. Carmel, which could be traced with cer- 


tainty for only a mile. 
SERICITE SCHISTS 


Pinney Hollow schist—The predominant rock type of the Pinney 
Hollow is a pale-green sericite-quartz schist. Except for minor persistent 
horizons of graphitic phyllite up to a few tens of feet in thickness, 
the formation is exceptionally uniform in composition and appearance. 
North of Pittsfield two apparently concordant sheets of brilliant green 
rock composed of epidote, albite, chlorite or green biotite, calcite, and 
magnetite appear and widen to the north to a maximum of 600 feet at a 
point a few miles southwest of Rochester. This is interpreted as the 
alteration product of a lava flow or shallow intrusion. The calcite marbles 
described by Dale (1915) from Rochester and Hancock are a phase of 
this rock type. 


Ottauquechee group—The Ottauquechee group is characterized by its 
black carbonaceous content, which distinguishes it from the green schists 
of the Pinney Hollow. The dominant rock types are black, graphitic 
phyllite, massive-gray quartzite, and finely interlaminated pale-gray 
quartzite and schist. This group has been traced from Ludlow township 
(Perry, 1928) to Stowe (Jahns, personal communication), a total distance 
of 70 miles. 

The present detailed survey was not extended above the Ottauquechee 


group. 
THICKNESS 


The rocks of the Green Mountain sequence in the area between 
Plymouth and Rochester strike in general north-south and appear to dip 
at an average angle of about 60° E. No evidence was found for either 
large-scale or small-scale repetition, though Jahns (personal communica- 
tion) reports that he has found good evidence for repetition by small 
isoclinal folds in the Barre, Vermont, quadrangle sufficient to give an 
apparent thickness two and one half times the true thickness. The width 
of exposure of the Green Mountain sequence from the oldest known mem- 
bers to the base of the Memphremagog group varies from 50,000 to 85,000 
feet. If we accept the thickening ratio of two and one half to one sug- 
gested by Jahns, the true stratigraphic thickness of the section varies 
between 14,000 and 24,000 feet. On the other hand, if the apparent dip 
represents the true dip, the total thickness is between 40,000 to 70,000 
feet. Neither estimate includes the great thickness of the overlying 
Memphremagog group. While these exact figures may be questioned, 
some idea may be gained from this of the magnitude of the Green Moun- 
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tain sequence, which was apparently laid down in one of the major 
geosynclinical troughs of the North American continent. 


AGE 


Very little is known regarding the age of the Green Mountain sequence 
of Vermont, as no fossils have yet been reported from any of the forma- 
tions herein described. The probable extension of the sericite schists into 
Canada appears to lie beneath Ordovician Sillery shales. The absence 
of evidence for an outstanding unconformity in the section reduces the 
possibility of a pre-Cambrian age, so that it seems reasonable that the 
sericite schists are Cambrian. The position of the sericite schists be- 
neath the Ordovician Memphremagog group is also consistent with a 
Cambrian age. Beyond this, it is impossible to make any definite state- 
ments regarding the age of the schists. It is interesting that the presumed 
equivalence of the Taconic slates and the sericite schists also requires a 
Cambrian age for the latter. 

A pre-Cambrian age has been generally held for the rocks of the core 
of the Green Mountains. The best supporting evidence for this is an 
unconformity between the Lower Cambrian Cheshire quartzite and the 
underlying formations at Sucker Brook near Lake Dunmore on the west 
side of the range. As discussed below, there is evidence that the quartz 
schists are not equivalent to the formations beneath the Cheshire quartz- 
ite and therefore may be of an entirely different age. On the east side 
of the range, Richardson and Maynard (1938) considered the Sherburne 
conglomerate to be a basal conglomerate of Cambrian schists, overlying 
pre-Cambrian gneisses. The present study has shown that the Sherburne 
conglomerate lies almost 1000 feet beneath the base of the sericite schists, 
that its flood-plain origin is questionable, and that the underlying granite 
gneisses are the result of granitization after the conglomerate was already 
in place. For these reasons, the Sherburne conglomerate is not held to 
be a good criterion for the pre-Cambrian age of the underlying rocks. 
All the evidence so far found indicates that the quartz schists belong to 
an earlier part of the same continuous depositional sequence as the seri- 
cite schists. 

MINOR STRUCTURES 
FOLIATION AND LINEATION 


In almost all cases where both bedding and foliation were observed in 
the schists of the Green Mountain sequence they appeared to be exactly 
parallel. The strike is generally north-south with a steep easterly dip. 
The foliation is relatively coarse and irregular and is associated with a 
linear structure which plunges steeply north in the plane of the foliation. 
In all the slides studied there was a pronounced orientation of quartz 


658 H.E. HAWKES, JR.—TACONIC FAULT IN WEST-CENTRAL VERMONT 


axes in a girdle about the lineation. The writer believes that the lineation 
is not related to the stresses which produced the major folding but is the 
result of later deformation in which horizontal shearing predominated. 
The present coarse foliation is thought to be the result of an intensifica- 
tion of early bedding-foliation by these shear stresses. 


SLIP CLEAVAGE 


Later slip cleavage or “strain-slip” cleavage cuts the foliation. It 
appears commonly in systems of closely spaced vertical shear fractures 
which strike north-south and is generally associated with similarly 
oriented zones of harmonic plications, where the east side has moved 
north and up relative to the west. Apparently no significant movement 
has taken place along the slip cleavage planes themselves. This phase of 
the deformation served to destroy the quartz fabric associated with the 
earlier lineation generally without developing a new orientation of quartz 


axes. 
LATE STRAIN SYSTEMS 


Deformational twinning on the (0221) plane in dolomite crystals oc- 
curs in many of the dolomite-bearing rocks of the area. Unfortunately, 
the stress-strain relationships of dolomite twinning have not been in- 
vestigated in the laboratory. If a relationship similar to that observed 
in calcite were assumed, however, dolomite glide lines conform statis- 
tically to a strain system oriented uniformly with respect to geographic 
co-ordinates rather than to the local attitude of the foliation or slip 
cleavage. This strongly suggests that the dolomite twinning reflects a 
stress late in the tectonic history, when the early foliation and slip cleav- 
age structures had been annealed to such an extent that the rock failed 
as an isotropic mass. The characteristics of dolomite twinning is de- 
scribed in greater detail in a forthcoming paper by Fairbairn and Hawkes. 


MAJOR STRUCTURE 
FOLDING 


Some of the earliest investigators in Vermont (Adams, 1845; Hitch- 
cock, 1861; Whittle, 1894) considered the major structure of the Green 
Mountains to be anticlinal. This view was held largely because at that 
time the metamorphosed quartz schists were thought to be pre-Cambrian 
in age, flanked by less metamorphosed, and hence younger sediments. 
Since the pre-Cambrian age of the quartz schists had been seriously 
questioned, this argument loses some of its significance. 

More reliable evidence for an anticlinal structure comes from a con- 
sideration of the Green Mountain structures on the extension of the range 
into Canada, where the metamorphism is apparently less intense. Fair- 
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bairn (1932, p. 71-75) and Clark (1934, p. 15) describe an anticlinal 
structure in the Sutton Mountains. Cooke (1937, p. 16) in the Thetford 
district of Quebec found a similar anticlinal pattern in the core of the 
range. It should be emphasized that the continuation of this anticlinal 
structure to central and southern Vermont in the opinion of the present 
author has not been adequately established by field work. The con- 
clusions of Whittle (1894) and Foye (1918) appear to be established on 
the assumption that the structure is anticlinal without any clear-cut local 
evidence for such a structure. 

Within the quartz schists of the area between Plymouth and Rochester, 
the apparent dip of the beds is consistently 30° to 80° E. No evidence 
was found for arching of the bedding across the range similar to that which 
occurs farther north. The minor structures, such as drag folds and folia- 
tion, do not appear to be associated with the major folding and cannot 
be used in working out the major fold pattern. Furthermore, no sedi- 
mentary criteria for tops and bottoms were found either in the present 
survey or in reports of earlier work in the core of the Green Mountains. 
Without more evidence, it is impossible to say whether the structure of 
the Green Mountain axis is an isoclinal anticline, an isoclinal syncline, 
or an eastward-dipping homocline. The only remaining approach to the 
problem is a consideration of the possible recurrence of distinctive hori- 
zons or stratigraphic sequences such as might be found on the opposite 
limbs of a major fold. 

Several horizons in the latitude of Sherburne can be followed for con- 
siderable distances along the strike (Fig. 2). The contact of the quartz 
and the sericite schists, the Sherburne conglomerate, the basal quartzite 
of the Plymouth Union series, and the dolomite of the Pico Peak series 
are all relatively good marker horizons and are all closely parallel. As 
far west as the base of Blue Ridge Mountain no recurrence of any dis- 
tinctive bed or of any part of the stratigraphic sequence was observed. 

The dolomite of the Pico Peak series is a thick bed which retains its in- 
dividuality through extreme variations in metamorphic intensity. If this 
dolomite were on the western limb of an anticline, its exposure on the 
eastern limb must lie somewhere to the east. No corresponding bed was 
found there, however. In view of the thickness and the persistence of 
this bed, it seems unlikely that it lenses out in an east-west direction 
to such an extent that it would be unrecognizable on the other limb of 
a fold structure. Therefore, we are led to the conclusion that this hori- 
zon lies on the eastern flank of the anticline, together with all the super- 
jacent formations. If this is the case, the anticlinal axis lies still farther 


west. 
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Foyles’ (1938) work on Blue Ridge Mountain revealed only one out- 
crop of dolomite between the dolomite described above and the Rut- 
land valley. Because of poor exposures he found it difficult to estimate 
accurately the thickness or strike of this bed so that no definite correla- 
tion with the dolomite of the Pico Peak series seems justified. 

This evidence suggests that the structure of the quartz schist immedi- 
ately north of Pico Peak is homoclinal rather than anticlinal, at least 
as far west as Blue Ridge Mountain. This conclusion is of utmost im- 
portance in considering the structural relationships of the Green Moun- 
tain sequence to the marbles of the Rutland valley, as will be shown. 

Unfortunately, a similar analysis of the dolomite of Mt. Carmel can- 
not be made at present. Although considerable reconnaissance work 
was done east of Mt. Carmel, it was not sufficiently detailed to rule out 
the possibility of the recurrence of a similar horizon to the east. Never- 
theless, the fact that none was found suggests that this dolomite also 
lies on the eastern flank of the anticline and that a homoclinal structure 
prevails in that area as well. 


TACONIC THRUST FAULT 


General statement—The main problem of the present investigation 
was the question of whether any structures in the Plymouth-Rochester 
area can be interpreted as the roots of the Taconic thrust fault. 

At the northern tip of the thrust klippe in the vicinity of Brandon, 
the nature of the fault contact has been investigated in considerable 
detail by Cady and Kaiser. They have observed the following structural 
features associated with the sole of the thrust in that area: (1) abrupt 
change in lithology from an argillaceous to a calcareous facies; (2) 
truncation of contacts in both sequences; (3) a notable contrast in struc- 
tural patterns in the two sequences; (4) the presence of “fensters,” or 
thrust windows of Valley rocks showing through the main mass of the 
Taconic sequence; (5) general absence of minor structures associated 
with the thrusting; and (6) some associated subsidiary thrusting. Cady’s 
and Kaiser’s maps illustrating these structures have been reproduced in 
Figure 2. They found no contrast in metamorphic grade between the 
two sequences, which suggests that the thrusting occurred prior to meta- 
morphism. 

With the typical features of the Taconic fault near Brandon as a 
guide, the author carefully examined the structures of the Green Mountain 
sequence between Plymouth and Rochester. No field evidence was found 
for placing the roots of the Taconic thrust in the area studied. 


Similarity of Taconic sequence and sericite schists —Keith (1932) has 
pointed out the striking lithologic similarity between the green and black 
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argillaceous schists of the Pinney Hollow and Ottauquechee formations, 
and the green and black argillaceous slates of the Taconic range. Fossil 
data place the latter predominantly in the Cambrian, and the available 
evidence favors a similar age for the sericite schists. Until some evidence 
to the contrary is presented, it is reasonable to accept the taxonomic 
equivalence of these groups as a working hypothesis. From this, it fol- 
lows that the sericite schists belong to the same overthrust sedimentary 
sequence as the Taconic rocks and that the roots of the Taconic fault 
therefore outcrop between the base of the sericite schists and the Valley 
marbles. 


Sedimentary contact at base of sericite schists—The feature of the 
geology which Keith (1932, p. 404) emphasized was the contrast in 
sedimentary facies between the sericite schists and the quartz schists, 
suggestive of the contrast between the Taconic and Valley sequences 
respectively. This was his main argument for placing the fault at the 
basal contact of the sericite schists. Where this contact is well exposed, 
as in the beds of tributary brooks north of Sherburne, it is seen to be 
gradational across a thickness of 600 feet. The present author found 
that this transition zone appears to have none of the features of the 
sharp contact of the Taconic slates near Brandon but appears to repre- 
sent merely a normal change in depositional environment. It might be 
argued that this is not a true sedimentary transition but that it represents 
a zone of isoclinal infolding of the schists with the quartzites, and that 
the original contact before deformation was as sharply defined as the 
thrust contact near Brandon. Important features to bear in mind in this 
connection are: (1) that the transition zone is persistent, both in thick- 
ness and lithology, and (2) that it is not a composite of typical Pinney 
Hollow schist and Plymouth Union quartz schists but has characteristics 
of its own. The association of gray marbles with the black, phyllites of 
the transition zone is unique. No pure calcareous sediments were found 
in the sericite schists, and where they occur in the quartz schists they 
are light-colored and are associated with quartzites rather than carbo- 
naceous and argillaceous rocks. Furthermore, the sericite-quartz schists 
of the transition zone appear to be midway in mineral composition be- 
tween the typical Pinney Hollow argillaceous schist and the more highly 
siliceous quartz schists of the underlying series. The evidence seems 
strongly to favor the thesis that this contact reflects merely a change 
in sedimentation from a sand-lime facies to a clay facies. 

Another part of Keith’s argument for placing the fault at the base 
of the Pinney Hollow is that the upper horizons of the Plymouth Union 
series appear to be truncated by the contact. Perry’s map of Plymouth 
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township shows the structure following the valley north of Plymouth 
Union, so that the entire section of his “Older Cambrian” series is 
squeezed into the width of the Ottauquechee Valley north of West Bridge- 
water. As outcrops are poor in the valley bottom, Keith considered it 
just as likely that the formations, instead of thinning, disappear be- 
neath the Pinney Hollow. The field evidence was re-examined by the 
writer, who found that the formations do not follow the valley but 
strike parallel to the base of the Pinney Hollow up the hillside west of 
the valley. While some of the conspicuous calcareous horizons pinch out, 
the apparent thickness of the section remains constant. 


Truncation of structures ——Wherever satisfactory marker horizons were 
found in the quartz schists, they were traced along the strike. With one 
minor exception, no truncation of any of these horizons was found. 
Instead, they either pass beyond the limits of the map area or become 
impossible to follow because of metamorphic effects or lateral variations 
in sedimentary characteristics. The lack of any structural discordance is 
seen as evidence for the absence of the root zone of a major thrust fault 
in this area. 

It is possible that the absence of truncated structures may not be suffi- 
cient proof against the existence of the Taconic fault in a given area. 
Recent work by Cady (personal communication) along the eastern edge 
of the klippe in the Rutland Valley has raised some question regarding 
the exact nature of the truncated structure of the Valley marbles. He 
found evidence indicating that the truncation is the result of Ordovician 
erosion of the calcareous series and unconformable overlap by Canajo- 
harie shales of Ordovician age prior to thrusting. If this concept is cor- 
rect, the sole of the thrust in certain localities separates slates of the two 
sequences which can be differentiated only by their fossil content; in 
other localities, notably the Brandon area, the thrust sheet appears to 
have ridden directly over the truncated structures of the Valley marbles. 
The detailed field work necessary to establish this relationship definitely 
has not been done. 

It should be borne in mind, however, that the nature of the fault 
surface may be entirely different in the root zone from what it is in the 
area of the klippe. Marked discordances may prevail in the former 
zone, while the sole of the fault farther from the focus of dynamic activity 
may characteristically follow bedding surfaces without cross-cutting the 
structure to any significant degree. 

It is quite true that the horizons which were followed represent a 
very small proportion of the entire stratigraphic column and that there 
is ample space left between them for all kinds of structural complexities. 
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Although the absence of truncated structures is purely negative evidence, 
it is believed that in conjunction with the other arguments this is a 
significant contribution to our understanding of the regional structure. 


Consistent structural pattern—A much more convincing point comes 
from a consideration of the consistent pattern of the structure over the 
whole map area. There is a notable parallelism of strike in the section 
extending from the top of the Ottauquechee formation west to the dolo- 
mite of the Pico Peak series as may be seen on the map. Such a homo- 
geneous structural pattern would be anomalous in an area which contains 
a fault of the magnitude that has been postulated for the Taconic thrust. 
This point is illustrated in the Brandon area where the Taconic fault 
separates structurally distinct areas. It seems more likely that the quartz 
schists are made up of essentially conformable and parallel sediments 
which have not been complicated by major faulting. 

The above points all lead to the conclusion that the roots of the 
Taconic fault do not exist east of the dolomite of the Pico Peak series. 
The following arguments support the thesis that a major structural dis- 
cordance, probably the Taconic fault, occurs between this dolomite 
horizon and the Cheshire quartzite. 


Absence of Cheshire quartzite on east side of range—The heavily 
bedded Cheshire quartzite, from 300 to 800 feet thick, flanks the Valley 
marbles on the east for almost the entire length of the State. As de- 
termined from fossil evidence and from the structural relations at the 
Sucker Brook unconformity (Keith, 1932) it lies on the eastern limb of 
the Valley syncline. This must also be the western limb of an anticline 
which lies east of the mountain border. If the structure east of the 
Cheshire is a simple anticline, the Cheshire quartzite and the overlying 
marbles should reappear to the east on the eastern limb of the same 
anticline. Inasmuch as the Cheshire formation is persistent both in 
thickness and lithology for 200 miles along the strike, it is not likely 
that it pinches out or becomes generally unrecognizable in the short 
lateral distance represented by the arch of the anticline. Nevertheless, 
nothing comparable to the Cheshire formation has been found east of 
the range anywhere along the entire length of the Green Mountain 
sequence, with but one exception. In the North Adams area of north- 
western Massachusetts Prindle and Knopf (1932, areal map) show the 
Green Mountain axis plunging south beneath the Valley sequence, while 
the Cheshire swings around the south end of the range in the form of 
the mirror-image of the letter J; for a short distance both the Cheshire 
quartzite and the overlying Rutland marbles appear on the east side of 
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the range before they are truncated by a fault structure, possibly the 
roots of the Taconic thrust. 

To return to the Rutland area, the only mechanism, excepting non- 
deposition, which could account for the anomalous occurrence of a for- 
mation on only one flank of an anticline is a fault, which in some way 
does not permit that formation to appear at the surface on the other 
flank. In this case, the fact that the Cheshire formation is cut out for 
the entire length of the State implies a fault of considerable magnitude 
lying somewhere to the east. 


Homoclinal structure of Green Mountains.—A similar conclusion comes 
from a consideration of the structure of the Green Mountain sequence. 
The evidence there indicates that the structure of the Green Mountain 
range in the latitude of Rutland is an eastward-dipping homocline which 
extends at least as far west as the dolomite of the Pico Peak series. 
The present investigation revealed no recurrence of this unique and per- 
sistent horizon which might be interpreted as part of the other limb of 
the fold. Furthermore, there is no positive evidence of a major fault 
in the Green Mountain sequence east of the outcrop of this horizon. If 
this analysis is correct, only the eastern flank of the complete anticlinal 
structure of the Green Mountains remains exposed in this locality. The 
simplest explanation for this anomalous relationship is that between the 
dolomite of the Pico Peak series and the Rutland valley a fault has 
cut off the western limb of the anticline. 


Contrast of Green Mountain and Valley structures—Further evidence 
for placing a major structural discordance between the Cheshire quartzite 
and the dolomite of the Pico Peak series can be seen by comparing 
the structural pattern of the Valley sequence with that of the Green 
Mountain sequence (Fig. 2). In the latitude of Rutland, the quartz 
schists apparently form a simple homocline, striking northwest and dip- 
ping east. The adjoining Marble Belt, as interpreted by Bain (Longwell, 
1933, Pl. 13) has been intricately folded and cut by high-angle thrusts 
trending north-south. There is a conspicuous absence of parallelism be- 
tween the trend of the Cheshire quartzite and that of the marker horizons 
which have been traced in the Green Mountain sequence. 

From the above considerations, the present author concludes that the 
roots of the Taconic thrust fault most probably lie between the dolomite 
of the Pico Peak series and the Cheshire quartzite. 


REVIEW OF CRITICAL AREAS 


Critical field evidence in the present investigation is: (1) the trend of 
the dolomite of the Pico Peak series; (2) the trend of the quartzites at 
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the base of the Plymouth Union series; and (3) the nature of the con- 
tact of the Plymouth Union series and the Pinney Hollow schist. The first 
may be checked on the Sherburne Pass trail to Pico Peak and in the 
valley east of Blue Ridge Mountain; the basal quartzite of the Plymouth 
Union series may be traced south more or less continuously from a point 
three fourths of a mile east of the pass on the Mendon-North Sherburne 
road; the transition zone between the Pinney Hollow and the Plymouth 
Union series may be seen in the beds of brooks east of the Ottauquechee 
River north of Sherburne Center. 

Foyles’ (1938) recent work on Blue Ridge Mountain found no evidence 
for a major fault in that critical area. Metamorphic effects there have 
so obscured the original lithologic characteristics of the rocks that it is 
nearly impossible to trace out large-scale structures. A more promising 
area for further investigation is the terrane between Mt. Carmel and the 
Rutland valley. Not only are the rocks less metamorphosed there, but 
indications of several good calcareous marker horizons west of the dolo- 
mite of Mt. Carmel were found. It is strongly recommended that further 
intensive work be done in this area. 


SUMMARY AND CONCLUSIONS 


An area on the east side of the Green Mountain range between Plym- 
outh and Rochester, Vermont, was studied in detail in the field in an 
effort to locate the roots of the Taconic thrust fault. While no evidence 
was found for the fault in that area, the writer believes that there is 
considerable evidence that the fault lies between the crest of the range 
and the Rutland valley. The arguments against the existence of the 
roots of the Taconic fault in the area studied are: (1) The contact of 
the Pinney Hollow schist and the Plymouth Union series, which Keith 
origially interpreted as the trace of the thrust plane, is apparently a 
simple, sedimentary transition; (2) no major fault truncation of any 
formations was observed within the area; (3) the structures of the 
Green Mountain sequence form a consistent regional pattern. If the 
thrust were east of the base of the sericite schists, the contrast in sedi- 
mentary facies of the Rutland calcareous sediments and the presumably 
contemporaneous argillaceous rocks east of the range is not explained. 
The fault therefore must lie west of the dolomite of the Pico Peak series. 
Positive arguments for placing the fault a short distance east of the Valley 
marbles are: (1) West of the Green Mountain range, the Cheshire quartz- 
ite and the immediately overlying Rutland marbles appear only on the 
western limb of an anticlinal structure; (2) in the center of the range, 
the formations of the quartz schists east of the dolomite of the Pico 
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Peak series appear only on the eastern limb of an anticline; (3) the 
structural pattern within the Green Mountain sequence is strikingly dis- 
similar to that in the Valley sequence. These features all indicate a 
major structural discordance between the dolomite of:the Pico Peak series @ 
and the Cheshire quartzite. This discordance is most probably the @ 
roots of the Taconic thrust fault. ; 
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ABSTRACT 


The pre-Cambrian banded gneiss of a part of the Piedmont Plateau near Phila- 
delphia is interpreted as a hybrid rock, resulting from the thorough injection of felsic 
material into a plagioclase amphibolite. The composition of the injecting solutions 
probably ranged from mostly water to that of an aqueous potash-silica-alumina 
magma. In the western part of the area vertical, winding mylonite zones cut these 
rocks. These zones outline lenticular masses of less sheared rocks and in some places 
attain a thickness of a quarter of a mile. East of Wissahickon Creek schistose shear 
zones run parallel to the nearly vertical foliation of the gneiss. A post-Ordovician 
high-angle fault forms the northern border of the gneiss west of Wissahickon Creek, 
crosses it and forms the southern border of the gneiss east of Wissahickon Creek. A 
branch of this fault bounds the western part of the gneiss on the south. The paper 
presents the results of a structural and petrographic study of a belt of the gneiss 
37 miles long, extending from Trenton to Bryn Mawr. 
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LOCATION AND BOUNDARIES OF THE REGION 


The area under discussion lies in Montgomery and Bucks counties in 
southeastern Pennsylvania and in Burlington County in New Jersey and 
is part of the Piedmont Plateau. Mapped on the Norristown, German- 
town, and Burlington quadrangles, it is bounded on the southwest by the 
Montgomery County-Delaware County line and extends northeastward 
to 4 miles northeast of the Delaware River at Trenton. 

The hybrid rocks constitute a belt varying in width from less than a 
quarter of a mile to about 234 miles and are bounded on the southeast 
by the Wissahickon schist and on the northwest by the Chickies quartzite, 
the Cambro-Ordovician limestones, the Octoraro phyllite, and the Triassic 
sediments (Bascom, 1909a; 1909b). 


TOPOGRAPHY 


The gneiss forms a ridge running approximately N. 65° E. and is cut by 
the Schuylkill River, Wissahickon Creek, Pennypack Creek, and Nesha- 
miny Creek which flow across it in steep-sided valleys. Where the ridge 
is narrow and well defined, it is known as Buck Ridge. Most of the small 
streams run parallel to it, many of them following either the border faults 
or the mylonite zones within the gneiss. 


PREVIOUS WORK IN THE REGION 


Early mention of the gneiss was made in H. D. Rogers’ Geology of 
Pennsylvania (1858) where it is called a syenite. In this work a portion 
of the mylonites of the present paper was interpreted as basal Paleozoic 
sediments. In the Second Geologie Survey of Pennsylvania (1881) C. E. 
Hall refers to the gneiss as “syenite and gneissic granites or granitic 
gneisses”. 

In 1885 H. Carvill Lewis interpreted the gneiss “to be of pure eruptive 
origin, consisting of syenites, acid gabbros, trap granulites and other 
igneous rocks, often highly metamorphosed”. Lewis recognized the mylo- 
nites as such, describing them as “identical with the mylonite of Lap- 
worth”, whose paper proposing the term (Lapworth, 1885) had just then 
been published. 

A geologic map of the region appeared in 1909 in the geologic folios 
for Philadelphia (Bascom, 1909b) and for Trenton (Bascom, 1909a), 
in which the gneiss is described and correlated with the pre-Cambrian 
Baltimore gneiss of Maryland. 
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DEFINITIONS 


PETROGRAPHIC 


Fetsic Materia: All the intruded or injected material whose invasion into the 
plagioclase amphibolite produced the hybrid gneisses. The composition of this ma- 
terial probably ranged from mostly water to an aqueous potash-silica-alumina magma. 

Fetsic Rock: Rock consisting predominantly of felsic material, in all cases in- 
cluding altered plagioclase or biotite or hornblende derived from the plagioclase 
amphibolite. (See mineral analyses 5-8 of Table 1.) 

PuiaciocLase AMPHIBOLITE: Rock composed essentially of hornblende and andesine 
with as much as 5 per cent pyroxene in some places. Small amounts of quartz and 
accessories are present throughout. (See mineral analyses 1-4 of Table 1.) 


The hybrid rocks show every gradation in composition from the 
plagioclase amphibolite through intermediate types to the felsic rock 
(Fig. 1). 


Taste 1—Mineral composition of the hybrid types by volume per cent 
Analyses were made by linear measurements across thin sections with an integrating stage. Small 
amounts of potash feldspar, biotite, and hornblende are included with the accessories in some 
analyses. 


Plagio- Potash Horn- Acces- 

No. Rock type Locality clase feldspar Quartz Biotite blende sories 
1 6 12 16 65 
- Plagioclase 5 38 = 2 1 50 9 
3. | amphibolite 3 32 a 11 bs 46 11 
4. 4 34 is 11 11 36 8 
5. 7 33 31 15 15 6 
6. Felsic 4 30 29 28 11 2 
7 rock 7 17 35 31 12 5 
8 7 15 29 33 20 3 
9. Pegmatite 5 3 58 38 1 

STRUCTURAL 


OverturNep Foips: Small, repeated overturned folds, with no observed rela- 
tion to any larger folds, occur throughout the region, especially in the schistose shear 
zones and the mylonite zones. They are interpreted as indicating differential move- 
ment as illustrated in Figure 2. The map symbol used for such folds is also 
illustrated in Figure 2. 


LOCALITIES CITED 


. Arrowmink Creek, 4g mi. south of its passage beneath Conshohocken State Road 
2. East side of Pennypack Creek, quarry % mi. north of Paper Mills railroad station 


3. On road, east side of Schuylkill River, % mi. northwest of railroad station at 
Miquon (formerly Lafayette) 


4. On road, west side of Schuylkill River, 2 mi. northwest of Roseglen railroad station 


5. On road, east side of Schuylkill River, 1 mi. northwest of Miquon (Lafayette) 
railroad station 


6. 


21. 
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Philadelphia and Western railroad (not shown on topographic map) cut 1% mi. 
S. 13° W. of Gulf Mills 

On road, east side of Schuylkill River 54 mi. northwest of Miquon (Lafayette) 
railroad station 


«,PLAGIOCLASE FELSIC PEGMA 
AMPHIBOLITE Rocks oF INTERMEDIATE COMPOSITION ROCK TITE 


CALCIC 


ANDESINE QUARTZ 


PLAGIOCLASE 


Sobic 
OLIGOCLASE 


HORNBLENDE 


POTASH FELDSPAR 1 


CCES: 
INCREASING AMOUNTS OF INJECTED FELSIC MATERIAL 


Ficure 1—Generalized diagram of mineral composition of the hybrid rocks 


. East side of Pennypack Creek, 500 feet south of Paper Mills railroad station, out- 


crop on creek and on railroad 


. East side of Pennypack Creek at Paper Mills railroad station 
. Quarry at Bryn Athyn (formerly Alnwick) west side of Pennypack Creek 
. Junction of stream and road, 34 mi. S. 42° W. of Bryn Athyn (Alnwick) railroad 


station 


. Yo mi. south of Bryn Athyn (Alnwick) railroad station 
. 58 mi. west of Paper Mills railroad station 
. Yo mi. south of a point on the Schuylkill River % mi. downstream from the 


bridge at Conshohocken 


. Quarry in Chickies quartzite, % mi. N. 38° E. of Laverock railroad station 

. 1% mi. S. 65° W. of the railroad station at Miquon (Lafayette) 

. Yard of St. Thomas’s parochial school, Lancaster Ave., Rosemont 

. River Road and Arrowmink Creek, south side of the Schuylkill River opposite 


Conshohocken 


. De Haven Ave., 1000 feet south of Matson’s Ford Road 1 mi. S. 61° E. of Gulf 


Mills 


. Railroad cut, west side of the Schuylkill River, 34 mi. N. 81° W. of the railroad 


station at Miquon (Lafayette) 
Quarry 4 mi. N. 45° W. of Lenni Mills railroad station, about 5 miles northwest 
of Chester 
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22. On road, west side of the Schuylkill River, % mi. north of the bridge at Con- 


shohocken 


23. Montgomery Ave., 100 feet southeast of Ithan Ave. 
24. River road, west side of the Schuylkill River, 49 mi. north of Young’s Ford Road 


31. 
32. 
33. 


FOLDS WITH FOLOS WITH 
HORIZONTAL AXES PITCHING AXES 


DIRECTION OF INTERPRETED DIFFERENTIAL MOVEMENT SHOWN 


FOLD WITH PITCHING AXIS MAP SYMBOL USED FOR 
(ERODED) FOLO SHOWN ATLEFT 


Figure 2—Diagram of small overturned folds 


1% mi. S. 50° E. of Gulf Mills 


. Railroad cut %o mi. northwest of Laverock railroad station 

. Railroad cut at Woodbourne railroad station 

. Road cut % mi. S. 82° W. of Woodbourne railroad station 

. Railroad cut 1% mi. N. 35° E. of the cross roads at Siles (west of Langhorne) 

. Quarry on Assanpink Creek 3 mi. N. 53° E. of the north bridge at Trenton (Route 


1, by-pass) 
Quarry % mi. north of Mill Creek at Holland P. O. (west of Langhorne) 
Quarry on golf course, northwest corner of Langhorne 


West bank of Delaware River, %4 mi. south of north bridge (Route 1, by-pass) 
at Trenton 
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34. oa - 8 mi. N. 50° W. of Meadow Brook railroad station (southwest of Bryn 
thyn 


35. - auettaaia quarry % mi. due north of the crossroads at Siles (west of Lang- 
orne 
THE HYBRID ROCKS 


DESCRIPTION AND INTERPRETATION 


Abundant field and microscopic evidence indicates that injection of 
felsic material into a plagioclase amphibolite (Harker, 1932, p. 311) has 
produced the banded and massive types of the gneiss. The character of 
the injection varies from magmatic intrusion of bodies with well-defined 
contacts to hydrothermal penetration. In some of the mixed rocks felsic 
and mafic bands alternate (PI. 2, fig. 1) ; elsewhere the injected material 
forms a network of dikelets in the plagioclase amphibolite (Pl. 2, figs. 
2, 3), and over much of the region the mixing has been so complete 
that a nearly homogeneous rock has been formed. All gradations of 
composition occur in each mixed type. Probably both the condition of 
the wall rock at the time of injection and the composition of the felsic 
material injecting it were factors determining the character of the result- 
ing mixed rock. The megascopically homogeneous types probably re- 
sulted where the plagioclase amphibolite was hot or the injecting material 
was aqueous and full of volatile constituents that facilitated permeation 
of the wall rock; the coarsely inhomogeneous hybrid rocks probably 
resulted where the wall rock was cold or the injecting magma relatively 
dry. Figure 3 is a sketch of an outcrop that shows injection phenomena 
of the latter type. 

Where least affected by the injection, the plagioclase amphibolite is 
composed chiefly of hornblende, andesine (ca. An;;), and quartz with 
smaller amounts of biotite and accessories (Anal. 1-4, Table 1). Acces- 
sories are magnetite, epidote, zircon, pyrite, and, in many cases, abundant 
euhedral sphene, white by reflected light. This rock will be referred to 
as the plagioclase amphibolite, the amphibolite, or the mafic rock. It 
varies from granitoid to schistose. 

This rock contains as much as 5 per cent hypersthene in some places 
between Neshaminy Creek and Trenton near the north border of the 
gneiss (Loc. 27-30). In these rocks hypersthene and hornblende have 
crystallized simultaneously as shown by hypersthene crystallized around 
euhedral hornblende and hornblende crystallized around euhedral hyper- 
sthene (PI. 5, fig. 1). Throughout the region altered grains of pyroxene 
occur sparsely in the plagioclase amphibolite. In some cases the pyroxene 
remnant is surrounded by antigorite with a rim of chlorite (PI. 5, fig. 5); 
in other cases the pyroxene has been replaced by hornblende. This 
alteration of the pyroxene has been observed in rocks in which the 
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plagioclase is unaltered and a negligible amount of quartz and potash 
feldspar is present, which suggests that the alteration was not caused by 
the later injection of felsic material. 


ip 

FELSIC PLAGIOCLASE 
ROC K AMPHiSOLITE 


Ficure 3.—Injection of amphibolite by felsic material 
south of Conshohocken 


These mafic rocks are probably of igneous origin. The field evidence 
does not indicate that the amphibolite was formed by alteration of a 
limestone in the manner described by Adams and Barlow (1910), al- 
though in some places it contains as much as 10 per cent carbonate. 
Metamorphosed limestone crops out in a single small quarry, known as 
Van Artsdalen’s quarry, a mile west of Neshaminy Creek (Loc. 35). 
Crystals of amphibole have been formed in this limestone by injection 
of felsic material, but these are isolated from the masses of plagioclase 
amphibolite whose contacts with the limestone show chilled borders. 
Next to these contacts the texture of the limestone is coarsened. These 
phenomena indicate magmatic intrusion rather than hydrothermal re- 
placement. 
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Figure 1. Pecmatire INJECTION In BANDED Hysrip Rock 
(Locality 5) 


Figure 2. Conrortep Hyesrip Rock 
(Locality 5) 


Figure 3. Maric Rock INJecrep By Fetsic MATERIAL 
On Conshohocken State Road, % mi. south of Conshohocken. 


OUTCROPS OF HYBRID ROCK 
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(Locality 34) 


Figure 2. Conracr BETWEEN MYLONITE AND Less SHEARED Rock 
(Locality 1) 


SHEAR ZONES IN LESS SHEARED ROCKS 


Figure 1. Sreep-Dippinc Fractures Foutatep Fetsic Rock 
a 
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Where felsic material has penetrated the plagioclase amphibolite, as 
at the localities illustrated in Plate 2, rocks of intermediate composition 
have developed. A summary of the observable reactions follows: biotite 
has replaced hornblende; plagioclase has become more sodic with forma- 
tion of epidote in enclosed laths a few hundredths of a millimeter long 
(Pl. 5, fig. 2); potash feldspar has replaced plagioclase (Pl. 5, fig. 2); 
and quartz, potash feldspar, and plagioclase have replaced hornblende 
and biotite. 

The alteration of hornblende to biotite and the change in composition 
of the plagioclase are closely associated with the amount of felsic material 
in the hybrid rock. Where the proportion of quartz and feldspar is high 
the alteration of hornblende to biotite is well advanced, the plagioclase 
is sodic oligoclase (ca. An..), and potash feldspar is present. Where 
the proportion of quartz and feldspar is low, only small amounts of 
biotite have been formed, the plagioclase is more calcic (ca. Ango), and 
little or no potash feldspar occurs. 

Even among those felsic rocks that look like granite gneisses in the 
field, none is without schlieren composed of epidote-bearing oligoclase, 
biotite, and accessories, and in many cases such schlieren also coatain 
hornblende. The surrounding rock is made up of quartz, potash feldspar, 
and oligoclase. The potash feldspar forms embayments in the oligoclase 
(Pl. 5, fig. 2), and some larger potash feldspar grains have small, ir- 
regularly bounded cores of oligoclase enclosing epidote. Analyses 5-8 
of Table 1 show the composition of these rocks. 

Both in the amphibolite and in the more felsic rocks, quartz-horn- 
blende replacement aggregates occur whose shape is that of a pre-existing, 
replaced mineral, probably pyroxene (PI. 5, fig. 6). Primary hornblende 
may occur in the same rock (PI. 5, fig. 6), showing that the rock originally 
contained both pyroxene and hornblende, as it still does in some places 
(Pl. 5, fig. 1). 

East of Wissahickon Creek garnet is abundant in the hybrid rocks of 
intermediate composition at a few localities. These garnetiferous rocks 
are of two types: either they occur at the border of a predominantly 
amphibolitic mass, as at Paper Mills (Loc. 2) where some of the rock 
contains more than 50 per cent garnet; or they occur in a gneiss composed 
of reddish biotite, blue quartz, oligoclase, and garnet (Loc. 31, 32). Rock 
of the same texture, mineral composition, and appearance as this second 
garnetiferous type crops out on the Delaware River (Loc. 33) within 
the area mapped as Wissahickon schist in the Philadelphia Folio (Bascom, 
1909b). West of Wissahickon Creek the rocks of intermediate compo- 
sition predominate, and several areas of the plagioclase amphibolite occur, 
whereas, east of Wissahickon Creek, the felsic types predominate. 
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Pegmatite dikes cut the hybrid rocks at some places (Pl. 2, fig. 1). 
Their contacts may be sharp or gradational, and a dike that cuts the 
banding for part of its length may change its direction and become one 
of the light bands of the banded rock. The composition of a specimen 
from the dike figured in Figure 1 of Plate 2 is given as analysis 9 of 
Table 1. 

STRUCTURE 

Foliation—The foliation of the hybrid rocks is due to the parallel 
orientation of hornblende grains in the amphibolite and of schlieren in 
the felsic rocks. Foliated intermediate types show a well-defined band- 
ing parallel to the foliation. West of Wissahickon Creek these bands are 
folded. For the most part, the folds are open with gently dipping limbs, 
but some of them are overturned toward the northwest (Pl. 2, fig. 1), 
and some are complexly contorted (Pl. 2, fig. 2). 

East of Wissahickon Creek, however, steep dips predominate, and the 
average strike is approximately N. 60° E. It is not everywhere possible 
to determine whether the foliation is primary or secondary. In some 
places it is certainly primary. Near Bryn Athyn the steep foliation of 
the amphibolite parallels that of the felsic rocks, and dark xenoliths in 
the felsic rocks are also parallel to this structure. Here the structure in 
the felsic rock must be a flow foliation whose structure was controlled by 
that of the foliated amphibolite into which it was injected. 

Gently dipping foliation was observed a mile northeast of Jenkintown 
(Loc. 34) in felsic gneiss, cut by steep joints striking approximately 
N. 60° E. (Pl. 3, fig. 1). These joints have developed along secondary 
foliation planes which occur at intervals of a few inches. The foliation 
is due to recrystallization, especially of biotite, resulting from slight dis- 
placement along these planes. In view of this evidence it seems possible 
that in other parts of the area the steep foliation now observable may 
have obliterated a former, gently dipping foliation. 


Axes of folds—In the banded hybrid rocks the axes of folds strike 
N. 50°-70° E. and with few exceptions pitch 10°-30° NE. This structure 
is common to all the folds, whether large or small, open or recumbent. 


Joints ——The orientation of joints in the gneiss between Chestnut Hill 
and Conshohocken is shown in Figure 4(A). A similar diagram 
of joints in the Cambro-Ordovician limestones north of the gneiss is 
included for comparison. In addition to joints parallel to the foliation, 
which are not plotted, the most prominent joint system throughout the 
gneiss, represented by the maximum at 1 in Figure 4, strikes north and 
dips vertically or nearly so. The joint system indicated by the concen- 
tration of points at 3 in Figure 4 is parallel to the mylonite zones in this 
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part of the region and probably originated during a late phase of the 
same deformation that produced the mylonites. The concentration of 
points at 2 in Figure 4 represents a system of oblique joints. The symbol 
X marks the average orientation of the fold axes. 


Ficure 4—Distribution of poles of joint planes, plotted on a Schmidt net 
(A) Joints in the gneiss, from 841 measure- (B) Joints in the Cambro-Ordovician lime- 
ments between the meridians 75’ 12’ 30” W. stones, from 170 measurements. 
and 75’ 17’ 30” W. 


THE MYLONITES 
DESCRIPTION AND INTERPRETATION 


Narrow, winding, nearly vertical, mylonite zones cut the hybrid rocks 
of the western part of the area.t They strike N. 50°-70° E. and outline 
lenticular masses of less sheared, massive, or banded rock. Repetition of 
this structure occurs on all scales of magnitude. Lenticles as long as a 
mile may be seen on the map (PI. 1), lenticles a few inches to 2 feet in 
length may be seen in outcrops (Fig. 5; Pl. 4, figs. 1, 2), and lenticles a 
fraction of a millimeter to several millimeters long may be seen under 
the microscope (Pls. 5, 6, 7). 

This repetition of the lens shape in all sizes has been cited by Harker 
(1932, p. 167) as characteristic of “discontinuous deformation.” 

The thickness of the mylonite zones varies from a quarter of a mile 
(Pl. 1) to a fraction of a millimeter (PI. 6, fig. 3). Their structure ranges 
from thinly laminated to massive,? and their color from white through 
light grays and reddish browns to dark brownish gray. Most common 


1 Waters and Campbell (1935) give a glossary of terms used for different types of mylonites and an 
extensive bibliography of papers concerning crushed rocks. 
2“Cataclasite’’ of Grubenmann and Niggli (1924). 
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Ficure 5.—Sketch of outcrop, a quarter of a mile southeast of Spring Mill, 
Pennsylvania 


Nearly vertical mylonite zones, in part isoclinally folded, with lenticles of massive and banded (here 
folded) hybrid rock. 


are light grayish-brown mylonites that break into slabs about half an 
inch thick and contain small, lenticular, yellow-white feldspar grains. 
They all have a dull luster which is due to their extremely fine texture. 
All but the most intensely crushed * (PI. 7, fig. 2) contain feldspar (PI. 
6, figs. 5, 6; Pl. 7, figs. 1, 83) or hornblende (PI. 6, fig. 4) or both in len- 


8 “Ultramylonite” of Staub (1915) and Quensel (1916). 
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ticular or pod-shaped grains, most of which are porphyroclasts (grains 
that were not completely pulverized). During deformation plagioclase 
grains bend, apparently with differential movement between the twinning 
lamellae (PI. 5, fig. 3), but the more brittle quartz breaks. The lenticular 
shape must be assumed by a grain if it is to survive mylonization.* It is 
a “streamlined” shape past which the surrounding crystal mush moves 
with a minimum of disturbance. As a result the mylonites look porphy- 
ritic, since lenticular grains remain relatively large and the others are 
pulverized. 

A few grains are porphyroblasts, crystallized subsequent to the crushing 
of the rock, as indicated by their ungranulated borders, unstrained crystal 
structure, and lack of conformity with the fluidal structure of the mylo- 
nite. Epidote porphyroblasts are common in the mylonites (PI. 6, figs. 
5, 6; Pl. 7, fig. 4); some bands are composed almost exclusively of finely 
crushed biotite and larger, subhedral epidote grains (PI. 7, fig. 2). 
Apatite and sphene are less common as porphyroblasts than is epidote. 

Recrystallization of hornblende and feldspar is relatively rare. One 
hornblende crystal 3 centimeters long was found in banded mylonite (Loc. 
1), and a few large, fresh feldspar crystals occur in the compact, massive 
type of mylonite. 

Quartz grains are very rare either as porphyroclasts or porphyroblasts. 
Quartz was one of the first constituents of the rock to become granulated 
by crushing and recrystallized as elongated grains in thin, straight-sided 
bands (PI. 5, fig. 4; Pl. 7, fig. 4), never as thick lenticles or euhedral grains. 

The transition zone from less sheared rock to mylonite is less than 5 feet 
in most places (PI. 3, fig. 2) and may be a fraction of a millimeter (PI. 6, 
figs. 2, 3). Masses of less sheared rock are separated from each other by 
winding sheer zones in some of which the shearing is only moderate (PI. 6, 
fig. 1), in others more extreme, but not yet such as to form the most com- 
pact type of mylonite (PI. 5, fig. 3; Pl. 6, fig. 4) ; in still others true mylo- 
nization has taken place (PI. 6, figs. 5, 6). 

Examination of one thin section containing essential potash feldspar, 
quartz, oligoclase, and biotite (Anal. 7, Table 1) in which the transition 
from mortar structure to mylonite occurs within less than a millimeter 
(Pl. 6, fig. 2) disclosed the following changes: by bending, recrystalliza- 
tion, and some granulation the biotite became well oriented, with feld- 
spar (both oligoclase and potash feldspar) in elongated grains between 
the biotite plates. With increasing granulation, first the biotite became 


4Both “mylonization” and ‘“mylonitization’”’ appear in the literature. ‘‘Mylonization’’, which has 
been used by Clough, Maufe, and Bailey (1909, p. 630) and by Jehu and Craig (1925, p. 635) is 
preferred by the writer because it is shorter. Its meaning is as clear as that of the other form. 
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triturated, then the quartz, and finally the feldspar. The mixing of these 
pulverized constituents produces a pale-brown purée parfaite (Termier 
and Boussac, 1911) with a uniform pleochroism that indicates that the 
biotite is well oriented. 

The commonest type of mylonite has a groundmass composed chiefly 
of biotite as described above, although white mylonites composed entirely 
of quartz and feldspar occur, as well as dark-gray mylonites composed of 
hornblende, plagioclase, and quartz with a good deal of biotite. The 
biotite mylonite appears to be most readily formed from the hybrid rocks 
which contain as an essential constituent the biotite which is nearly lack- 
ing in the plagioclase amphibolite and the felsic rock (Fig. 1). Many of 
the less sheared lenticles, as shown on Plate 1, are either predominantly 
of the felsic rock without the inclusion of much of the amphibolite con- 
stituents or predominantly of the plagioclase amphibolite without much 
felsic injection. The intermediate biotite-rich rock in which the mylonite 
zones are generally formed lies between these two, both areally and in 
composition. 

The presence of biotite is believed to be one of the causes, rather than 
exclusively the result, of mylonization because microscopic examination 
shows that the fine biotite of the mylonites is formed by the crushing of 
larger biotite grains and because the mylonite zones are most commonly 
associated with the biotitic intermediate hybrid rocks. 


STRUCTURE 


Foliation——The strike of the foliation of the mylonites varies because 
they form winding zones, the average being about N. 65° E. The dip, with 
few exceptions, is nearly vertical. 

The laminated mylonites show folding varying from occasional small 
overturned folds (Pl. 4, fig. 2) to repeated isoclinal folds (Fig. 5). The 
amplitude of the folds is usually less than a foot, and it seems possible 
that they could have been produced at the same time as the mylonization. 
An oil film on water moving slowly along a confined path, as in a gutter, 
illustrates the development of laminae by differential movement and 
the folding of those laminae by the same movement. Sander (1930, p. 69) 
describes related phenomena. 


Axes of folds——The axes of small, overturned folds in the mylonites, as 
in the less sheared gneiss, strike N. 50°-70° E., pitching northeastward at 
low angles. On the north and south borders of the gneiss in the western 
part of the region, however, fold axes in the mylonites pitch southwest- 
ward. The significance of this will be discussed under the heading Age 
Relationships. 
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Ficure 1. Lenticutar Mass or Less SHEARED Hysrip Rock in MYLONITE 
(Locality 14) 


Figure 2. SHow1nc Structures INDICATING 
D1rEcTION OF MOVEMENT 
(Locality 14) 


Figure 3. Mytonire SHowinc Horizontat Drac-Foitp Axes 
On Wissahickon Creek, a mile northwest of Chestnut Hill. 
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Joints.—Steep joints parallel and normal to the foliation predominate in 
the mylonites, and at many localities diagonal sets of joints occur which 
break the mylonite into rhomb-shaped slabs (PI. 4, fig. 3). 


SCHISTOSE ZONES EAST OF WISSAHICKON CREEK 
DESCRIPTION AND INTERPRETATION 


Mylonites are rare east of Wissahickon Creek. The few occurrences 
discovered are less than a foot thick and cannot be traced for more than 
a, few feet along the strike. Closely spaced schistose partings, however, 
parallel the foliation of the gneissoid felsic rock which underlies most of 
the eastern portion. These bands of mica schist might be interpreted as 
shear zones in the felsic igneous rock or as septa of a schist into which 
the felsic material was injected. 

The gneissoid rock here is composed of sodic oligoclase (ca. An,2) and 
quartz with varying amounts of potash feldspar. Many of the oligoclase 
grains show cores containing abundant small epidote laths and rims 
devoid of epidote. Differences in composition of the two parts of the 
feldspar were not observed. The quartz and some of the feldspar grains 
are granulated, and most of the feldspar grains are broken. 

The schistose bands, most of which are less than a quarter of an inch 
thick, contain about equal amounts of muscovite and biotite, both in long, 
thin plates. The bands are winding and include lenticles of feldspar and 
quartz around which the mica flakes are wrapped. Steep shear zones 
occur in this part of the area (PI. 3, fig. 1), and it seems more probable 
that these schistose bands represent shear zones in the felsic rock than 
that they are included septa of an earlier schist. Further pertinent 
discussion is given under the heading Age Relationships. 

At Paper Mills and Bryn Athyn there are bands of predominantly 
schistose rock several feet wide (Loc. 9, 10, 11, 12). Furthermore, near 
Paper Mills layers a foot or two thick that look like typical gray quartzite 
crop out (Loc. 13). At many localities in the eastern part of the region 
graphite gneiss may be found. These rocks are of particular interest 
because, in the field, they look more like metamorphosed sediments than 
does any other type of the gneiss in this region. The graphite gneiss is 
composed of oligoclase and quartz in about equal proportions. The diam- 
eter of the quartz grains varies from 1% to 3 millimeters, and strain shad- 
ows are common. The oligoclase is interstitial and extensively sericitized. 
Biotite and garnet are the accessories. Some of the garnet grains are em- 
bayed by quartz. The graphite occurs along fractures and between the 
grains, indicating that it was introduced after the rock was formed. An 
outcrop of pegmatite which cuts the graphite gneiss shows a concentration 
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of graphite at its contact with the finer-textured gneiss. Whether the 
graphite was introduced by the pegmatite (Smith, 1906) or was only re- 
distributed by hydrothermal solutions (Smith, 1906) is not known. 

The quartzitic rock is composed of quartz grains varying in diameter 
from 0.1 to 1 millimeter. Some of them are nearly round, but most of 
them are extremely irregular. All the grains show strain shadows, and 
there is evidence that the smaller grains have originated by granulation 
of the larger ones. Sericite fills the interstices between the quartz grains, 
but none of the plagioclase from which it was presumably derived is left. 
Crushed garnet is abundant, the fragments occurring in elongated groups 
with interstitial chlorite. 

On the basis of both field and microscopic evidence, these two rock 
types could be interpreted either as hydrothermally altered sediments or 
as fine-textured, felsic igneous rocks. The question of their origin must 
be left open until further evidence is discovered. 

The possibility has been mentioned that the narrow schistose bands 
east of Wissahickon Creek resulted from shearing. If this is so, why did 
shearing produce mylonites in the western part of the area and mica 
schists in the eastern part? The two parts of the area are separated by a 
fault whose amount of displacement is unknown. The rocks south of the 
fault (7.e., west of Wissahickon Creek) have moved down with respect to 
the north side as indicated by small overturned folds in many places in 
and near the fault zone (Pl. 1). The western part of the gneiss, then, 
may have been closer to the surface than the eastern part when the 
mylonites were formed. If the schistose zones were formed by shearing 
at the time of the mylonization, they are the deep-seated equivalents of 
the mylonites. An alternative possibility is that these schistose shear 
zones east of Wissahickon Creek are contemporaneous with those described 
under the heading Micaceous Zones Developed Along Boundary Faults. 
Because these schists are confined to the boundary faults in the western 
part of the area, however, and because the winding structure of the thin 
schistose partings is closely comparable to that of the mylonites, it seems 
probable that the schistose zones east of Wissahickon Creek were formed 
at the time of the mylonization. Renewed movement along these zones 
at the time of the boundary faulting is believed to have taken place. 


STRUCTURE 


Foliation.—The schistose zones east of Wissahickon Creek are parallel 
to the foliation of the felsic gneiss. 


Axes of folds—The axes of most of the small overturned folds in these 
zones pitch southwestward at low angles. A few exceptions near Nesh- 
aminy Creek are plotted on Plate 1. 
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GARNETIFEROUS DIORITE INTRUSIVES 


The hybrid rocks are cut by hornblende-quartz-labradorite dikes con- 
taining a little pyroxene and a great deal of garnet. The texture of these 
dikes is in part subophitic. One dike, a mile southwest of Gulf Mills, 
is about one eighth of a mile thick at its widest section and can be 
traced for nearly a mile along its strike which is parallel to the folia- 
tion of the gneiss. Smaller dikes extend southeastward from the main 
one for less than half a mile, following the steep cross joints in the 
banded gneiss which strike about N. 50° W. in this part of the region. 
Two other large dikes and many small dikelets occur in the eastern part 
of the area (Pl. 1). 

Both hypersthene and a pyroxene that is probably diopside occur in 
these rocks and are in part replaced by hornblende or by a fibrous aggre- 
gate of uralite(?). In the narrower dikes the plagioclase is andesine 
(ca. Any,). A few small dikes cutting the banded gneiss half a mile north 
of Rosemont (Loc. 23) belong to this group of intrusives. A garnetiferous 
diabase composed essentially of labradorite (ca. An;s) and hypersthene 
crops out near the southern border of the gneiss on the west side of the 
Schuylkill River. Its foliation is nearly normal to that of the gneiss, and 
its pyroxene content is much higher than that of the intrusives just de- 
scribed. Whether it is related to these intrusives or to the hypersthene- 
bearing types described with the hybrid rocks is not known. 

A tough, compact, porphyritic rock underlies a region a quarter of a 
square mile in area west of Pennypack Creek at Paper Mills (Loe. 13). 
Prism-shaped, fibrous aggregates of sericite half a centimeter long occur 
in a fibrous groundmass composed predominantly of hornblende. No out- 
crop of the porphyry was found, and its relationship to the surrounding 


rocks is unknown. 
QUARTZ VEINS 


Quartz veins cut both the mylonite and the garnetiferous dikes at locali- 
ties less than 5 miles apart. In the mylonites they conform to the fluidal 
structure of the crushed rock, and although many of the quartz grains 
show strain shadows they are not crushed. In the garnetiferous dikes the 
quartz veins are rimmed by dark, hornblende-rich zones which may be 
as much as three-quarters of an inch wide. In some places this is greater 
than the width of the quartz vein itself. 

Quartz veins also occur in the Cambrian Chickies quartzite to the north, 
filling cross joints that are presumably tension joints formed at the time 
of the Appalachian folding (Loc. 15). 

The relative ages of these three sets of quartz veins are unknown. 
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MICACEOUS ZONES DEVELOPED ALONG BOUNDARY FAULTS 
DESCRIPTION AND INTERPRETATION 


A fault, described by Bascom (1909b) as the Cream Valley fault, 
bounds the gneiss on the north in the western half of the area, crosses 
it just east of Wissahickon Creek, and continues on the south side of the 
gneiss in the eastern part of the region where it is called the Huntingdon 
Valley fault (Bascom, 1909b). A second fault bounds the gneiss on the 
south in the western part of the region and joins the Huntingdon Valley 
fault just east of Wissahickon Creek. In this paper this southern fault 
will be called the Rosemont fault, from the town of Rosemont which is 
situated on the fault line. It is a branch of the Cream Valley-Huntingdon 
Valley fault. Both are steep faults. Small overturned folds along the 
Huntingdon Valley fault and along the Rosemont fault indicate movement 
downward on the south. Those along the Cream Valley fault show move- 
ment in both directions, probably indicating that there has been more 
than one period of slipping along this fault and that the downthrow side 
has not always been the same. The Cream Valley fault is mapped (Bas- 
com, 1909b) as bifureating again at the western boundary of the region. 

Along the Rosemont fault (Loc. 16, 17) a mylonite with muscovite- 
spangled foliation planes occurs. These plates of muscovite are 1 to 5 
millimeters long and have been deformed subsequent to crystallization. 
The chief constituents of this spangled mylonite are quartz and feldspar. 
Since the muscovite occurs in large, only slightly deformed plates whereas 
the quartz and feldspar are granulated, the muscovite must have formed 
after mylonization (PI. 7, fig. 5). A similar rock in which the muscovite 
plates are somewhat more deformed (PI. 7, fig. 6) crops out where the 
Cream Valley fault crosses Wissahickon Creek. Here a few grains of 
blue-green tourmaline occur in small prisms. These rocks are not pre- 
dominantly schistose and are not as much recrystallized as Lapworth’s 
augen schist (1885) or Quensel’s mylonite gneiss (1916). 

In the mylonites in the gneiss mass, muscovite was not observed in hand 
specimen and it appears only rarely in thin sections. The occurrence of 
the muscovite mylonites along the Rosemont and Cream Valley faults 
suggests that the development of the muscovite is associated with the 
faulting, possibly resulting from the rise of hydrothermal solutions along 
the fault planes. 

Along the Cream Valley fault south and southwest of Conshohocken a 
schistose zone 20 to 30 feet thick crops out (Loc. 18, 19). South of Con- 
shohocken (Loc. 18) it is bordered on either side by a narrow band of 
flinty crush rock containing veins of pseudotachylyte (Shand, 1916) a 
fraction of a millimeter thick (Pl. 8). The schist here is a muscovite- 
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chlorite schist containing garnet and blue-green tourmaline. The micas 
were deformed after crystallization. 

Since muscovite, chlorite, and tourmaline are found in the Octoraro 
phyllite (Pl. 1) and muscovite and garnet, with some chlorite, in the 
Wissahickon schist, this schistose zone south of Conshohocken may be a 
lenticle of either of these rocks caught in the fault zone and sheared. 
Other corroborative evidence is the occurrence of folded bands of minute 
inclusions in several sodic oligoclase grains in this rock. 

An alternative interpretation is that the mica of this schistose zone was 
developed in the same way as that of the muscovite mylonites. The 
structural data which follow are pertinent to this problem of interpretation. 


STRUCTURE 


Foliation—The foliation of the muscovite schists along the Cream 
Valley fault and of the muscovite mylonites strikes N. 50°-70° E. and dips 
steeply toward the south in most places. 


Axes of folds—The axes of small overturned folds in most of these 
schistose rocks pitch southwestward at low angles, mostly less than 20 
degrees. In the Wissahickon schist, for a few hundred feet south of the 
Rosemont fault and south of the Cream Valley fault, the axes pitch south- 
westward. Farther south in the Wissahickon schist, however, they pitch 
northeastward. Briefly, the axes of small overturned folds pitch north- 
eastward in the gneiss and in the schist except in the vicinity of the faults 
where the pitch is to the southwest. 

The southwestward-pitching folds were apparently formed at the time 
of the faulting, obliterating the previously formed northeastward-pitching 
folds which characterize those parts of the gneiss and schist not affected 
by the faulting. In one outcrop a few hundred feet south of the Rosemont 
fault (Loc. 20) small overturned folds with both northeastward- and 
southwestward-pitching axes occur. In the quartzitic layers the north- 
eastward-pitching fold axes are well marked while the southwestward- 
pitching ones are faint, whereas the opposite is true in the schistose layers. 
Here the later deformation, forming the southwestward-pitching folds, 
strongly affected the less competent, schistose layers although it did not 
much affect the more competent, quartzitic layers. The quartzitic layers 
retained their earlier eastward-pitching folds, which, in the weaker 
schistose layers, became almost obliterated. 

The schistose zones in the gneiss which have been compared to the 
mylonite zones (Schistose Zones East of Wissahickon Creek) show west- 
ward-pitching fold axes. For this reason it is believed that there was 
renewed movement along them at the time of the boundary faulting. 
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Ten miles south of this region, where the strike of the Wissahickon 
schist is north, the small overturned folds in the quartzitic layers of the 
Wissahickon schist have nearly vertical axes, while the schistose layers 
show folds pitching northward at low angles (Adolph Meier, oral com- 
munication). This seems to suggest an earlier deformation which formed 
steep-pitching fold axes and a later one, affecting chiefly the incompetent 
layers, producing gently pitching fold axes. 


AGE RELATIONSHIPS 


Metamorphosed limestone crops out in a single small quarry known as 
Van Artsdalen’s quarry 214 miles west of Langhorne. The area under- 
lain by limestone is probably less than one acre, and no other limestone 
was found within the gneiss belt in this region. This rock has been corre- 
lated (Bascom, 1909a) with the Franklin limestone. The features ob- 
served in Van Artsdalen’s quarry, which have been described, under The 
Hybrid Rocks, show that the plagioclase amphibolite intrudes the meta- 
morphosed limestone. With this one exception, the rock into which the 
original mafic magma was intruded is unknown. 

From the field evidence it would seem possible that some of the schistose 
shear zones east of Wissahickon Creek were included septa of an earlier 
schist. The only schist in this region is the Wissahickon schist which 
borders the gneiss to the south in many places (Pl. 1). In this schist 
plagioclase amphibolite intrusive sheets occur, injected by felsic material. 
The phenomena of hybridization in these rocks (Postel, 1940, p. 135) are 
similar to those described earlier in this paper. Excellent exposures of 
hybrid rock may be seen along the west bank of the Delaware River at 
Trenton (Loc. 33) for more than a quarter of a mile south of the north 
boundary of the Wissahickon schist (Bascom, 1909a). Felsic rock pre- 
dominates, but a band of amphibolite with felsic injection producing 
abundant epidote occurs a short distance south of the Route 1 by-pass 
bridge at Trenton and is visible from the bridge. Very little schistose 
rock crops out at this locality. The heavy-mineral assemblage in the 
schistose zones in the gneiss indicates, however, that these zones are prob- 
ably not septa of the Wissahickon schist. The most diagnostic heavy 
mineral of the Wissahickon schist, a pinkish brown tourmaline, was absent 
in four specimens of the schistose gneiss from different localities, whereas 
three heavy minerals characteristic of the gneiss—namely, epidote, pink 
pleochroic zircon, and sphene—were present.® 


5 The heavy-mineral analyses of these rocks were made for the writer as part of a general heavy- 
mineral survey of the middle Atlantic States being carried out by Lincoln Dryden and Clarissa 
Dryden of Bryn Mawr College. 


4 

i 

a 


AGE RELATIONSHIPS 687 


The injection of the felsic material in the gneiss belt was accompanied 
by plastic deformation of the mixed rocks with folding overturned toward 
the northwest (Pl. 2, figs. 1, 2). This was followed by cataclastic de- 
formation along the nearly vertical mylonite zones and shearing with 
recrystallization along the schistose zones. 

The mylonite zones have been deformed repeatedly. The period of 
major mylonization followed the major injection of felsic material, as 
is shown by the many occurrences of microcline porphyroclasts and pul- 
verized quartz as well as abundant field evidence. Minor hydrothermal 
injection subsequent to mylonization is indicated by the recrystallization 
of hornblende to well-developed biotite along some shear zones and the 
presence of ungranulated quartz veins in the mylonite. Strain shadows 
in the quartz of these veins resulted from renewal of deformation as did 
the slight granulation of some of the post-mylonization epidote porphy- 
roblasts. 

The Cambrian Chickies quartzite occurs in a southwestward-pitching 
syncline, floored by the gneiss. The gneiss must therefore be pre-Cam- 
brian. The only exposed contact between the gneiss and the Chickies 
quartzite is at Neshaminy Creek (PI. 1) where the two are separated by 
a steep shear zone about 15 feet thick. 

Whether the mylonization preceded the deposition of the Paleozoic 
sediments is not known, but the structural evidence presented below is 
pertinent to this problem. 

In the Cambrian and Ordovician sediments the axes of small over- 
turned folds are parallel to the axes of the larger folds, pitching 15°-30° 
SW. These folds are post-Ordovician, probably formed during the Appa- 
lachian revolution. In the hybrid rocks, however, the axes of large and 
small folds pitch 15°—30° NE., a pitch direction very rarely found in the 
Paleozoic sediments. 

If the northeastward-pitching folds are pre-Cambrian in this region 
and the southwestward-pitching folds post-Ordovician, then these struc- 
tures may be useful locally in dating periods of deformation. 

The fold axes in the mylonites pitch northeastward. In the schistose 
zones east of Wissahickon Creek both northeastward- and southwestward- 
pitching fold axes occur. The fold axes in the Wissahickon schist pitch 
northeastward except near the boundary of the gneiss, where the pitch is 
to the southwest, especially in the more micaceous layers. The boundary 
fault zones of the gneiss have southwestward-pitching fold axes. They 
cut out Cambro-Ordovician sediments and must be late or post-Ordo- 
vician. 

The garnetiferous dikes are probably of post-mylonization age. The 
largest one in the western part of the area occurs near the edge of the 
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thickest mylonite zone but does not show intense shearing. This evidence 
is not conclusive, since parts of the hybrid rock that are near mylonite 
zones are also relatively unsheared (PI. 3, fig. 2). 


SUMMARY OF CONCLUSIONS 


The belt of gneiss extending from Trenton southwestward to the Dela- 
ware County boundary line is composed of hybrid rocks formed by the 
intrusion of felsic material into a plagioclase amphibolite of igneous 
origin. The rock into which the mafic magma was intruded is not known. 
These hybrid rocks were compressed into folds overturned toward the 
northwest (PI. 2, figs. 1, 2), probably while the felsic material was being 
injected. The formation of mylonites along numerous high-angle faults 
occurred west of Wissahickon Creek after the folding of the hybrid rocks. 
The many schistose zones east of Wissahickon Creek may have been 
formed by shearing at the same time. 

The garnetiferous diorite intrusives that cut the hybrid rocks probably 
came in after the mylonization and before the deposition of the Paleozoic 
sediments, but the evidence concerning their age is still too meager for any 
definite decision to be made. Quartz vein injection followed their in- 
trusion. 

The Appalachian revolution again subjected the region to compression, 
producing folds that are overturned toward the northwest in the Paleozoic 
sediments, but, unlike the similarly overturned folds of the pre-Cambrian 
hybrid rocks, pitch southwestward. 

After the Appalachian folding the Rosemont and Cream Valley-Hunt- 
ingdon Valley faults were formed. This was, then, a second episode of 
high-angle faulting following compression. The development of abundant 
muscovite and westward-pitching fold axes distinguish these fault zones 
from the mylonite zones. 
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EXPLANATION OF PLATES 5-8 


Piate 5—PHOTOMICROGRAPHS 


Figure 1—Plagioclase amphibolite: hypersthene, hornblende, andesine. ( 40). 

Figure 2—Microcline replacing oligoclase containing epidote. (X nicols, X 40). 

Figure 3.—Bent plagioclase grain in sheared hybrid. (X nicols, X 80). 

Figure 4—Mylonite with plagioclase porphyroclasts and recrystallized quartz 
bands. ( nicols, 80). 

Figure 5—Pyroxene altered to antigorite and chlorite. (x 40). 

Figure 6—Granular aggregate of hornblende and quartz. (> 40). 
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Piate 6—PHoToMicrocRAPHS 40) 


Figure 1—Granulation of borders of grains. ( nicols). 
Figure 2.—Mylonite zone in sheared hybrid rock. 
Figure 3—Narrow mylonite zone in hybrid rock. 

Figure 4—Hornblende porphyroclasts in mylonite. 
Figure 5.—Feldspar porphyroclasts and epidote porphyroblast in mylonite. 
Figure 6.—Same as figure 5, X nicols. 
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PLATE 7.—PHOTOMICROGRAPHS 


Figure 1—Feldspar grains with magnetite “tails.” (>< 28). 

Figure 2——Ultramylonite with epidote porphyroblasts. (> 40). 

Figure 3—Feldspar porphyroclasts in mylonite with epidote porphyroblast. (x 40). 

Figure 4—Epidote porphyroblast and recrystallized quartz bands in mylonite. 
(X 80). 

Figure 5—Muscovite wrapping feldspar porphyroclast. (X< 40). 

Figure 6—Deformed muscovite in mylonite. (X nicols, < 40). 
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EXPLANATION OF PLATES 


PLate 8.—PHOTOMICROGRAPHS OF PSEUDOTACHYLYTE (X 30) 


Figures 2, 3, and 4 illustrate adjoining or nearly adjoining parts of the same thin 
section. Figure 1 is of the same area as Figure 2, showing flow structures 
not observable with crossed nicols. 

Figure 3—Transition from mylonite to pseudotachylyte, the pseudotachylyte form 
parallel to the foliation of the mylonite. 

Figure 4——Pseudotachylyte branching from the main band to cut across the folia- 
tion of the mylonite. 

Figure 2—Blunt end of this branch. 

Figures 2, 3, and 4 are between X nicols. 
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ABSTRACT 


Voleanic rocks of Miocene age belonging to the San Juan, Silverton, and Potosi 
series have been intruded by a stock which shows a sequence of intrusions from 
diorite to gabbro to diorite, and finally to rhyolite. The stock is excellently exposed 
for a vertical distance of 1900 feet. The first diorite intrusion was locally trans- 
formed after emplacement to a hornblende monzonite facies, probably by gaseous 
transfer. Many radiating andesitic dikes are related to the diorite. Gabbro, the 
next intrusion, has an associated quartz monzonite facies that was differentiated at 
depth. Many fragments and large masses of pre-Cambrian quartzite were carried 
up in the gabbroic magma. Clastic dikes unquestionably formed from material 
derived from lower-lying conglomeratic beds penetrate the gabbro. A uniform, fine- 
grained diorite with associated andesite and dacite dikes represents the third intru- 
sion. The last intrusion is a rhyolite which probably was emplaced after a con- 
siderably greater time interval than existed between the diorites and gabbro. Two 
rocks from the stock were chemically analyzed, and numerous modal analyses are 
tabulated. The undisturbed, nearly horizontal attitude of surrounding volcanic rocks 
has interest in regard to the mode of emplacement of the stock. 


INTRODUCTION 


During the late spring and summer of 1936 the writer studied the 
Stony Mountain stock, located about 5 miles southwest of Ouray in the 
San Juan Mountains of southwestern Colorado. 

Since it lies within a region of considerable importance for gold and 
silver mining, the stock has been frequently mentioned in publications on 
economic geology, but its rock types and igneous history have not been 
studied in detail. Cross (1899) mapped the general outline and briefly 
described the stock, but in the absence of detailed work the main body 
was mapped as a gabbro-diorite of Tertiary age. He believed an asso- 
ciated rhyolite to be Algonkian, but the present writer regards it as 
Tertiary. 

Thin sections were made from 92 rocks, and two specimens were 
chemically analyzed. Most of the laboratory work was done during the 
8 months following the field work. 
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The writer wishes to express his indebtedness to Mr. W. S. Burbank 
for numerous helpful suggestions in the mapping of the area and in 
pointing out certain problems connected with it. The writer is further- 
more indebted to Dr. H. L. Alling and Dr. Q. D. Singewald of the De- 
partment of Geology of the University of Rochester for assistance in the 
laboratory work and in consultation on various problems concerning 


this investigation. 
TOPOGRAPHY 


Stony Mountain, 12,698 feet high, is in an area of mountains many of 
which attain elevations exceeding 13,000 feet. Stony Mountain is 
characterized by bold cliffs and deep ravines commonly having vertical 
walls. Greatest relief within the mapped area is on the eastern side 
where the canyon of Yankee Boy Creek is nearly 2,000 feet below the 
summit of Stony Mountain. 


GENERAL GEOLOGIC SETTING 


In the immediate vicinity of Stony Mountain is an area of Tertiary 
voleanic rocks maintaining an average elevation of 11,800 feet. A few 
miles to the east, however, along slopes of the Uncompahgre Valley 
formations range in age from Algonkian to Recent. Rocks pertaining 
to the present study may conveniently be divided into three main groups: 
(1) Algonkian quartzite, (2) Miocene, bedded volcanic rocks several 
thousand feet thick, and (3) Upper Miocene or Pliocene plutonic rocks 
with associated igneous and clastic dikes. The last includes the Stony 
Mountain stock. 

The Stony Mountain stock is part of a larger complex which also 
includes Mt. Sneffels, 2 miles northwest of the margin of Figure 1. A 
narrow connecting arm extends across the center of Yankee Boy Basin. 
Neither an adequate base map nor the time was available to study the 
Mt. Sneffels portion, but reconnaissance suggests that its igneous history 
probably was essentially the same as at Stony Mountain. 

The portion of the stock south of the connecting arm is roughly cir- 
cular, with greatest dimension about a mile in north-south direction. 
The vertical extent of the outcrops is 1900 feet. The surrounding vol- 
canic rocks are remarkably undisturbed from their nearly horizontal 
attitude but locally they have been metamorphosed to a distance of 
several hundred feet. Apophyses and radial dikes extent from the main 
body; other dikes cut it. Even clastic dikes are associated. Perplexing, 
irregular-shaped outliers of many sizes occur in the bedded volcanic 
country rock, some too small to be mapped. Numerous younger veins cut 
the stock and the associated dikes. 
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Showing mineral variations with changes of altitude as the border of the stock is approached. 
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In contrast to Cross’ earlier generalization of a single gabbro-diorite 
mass with salic differentiation facies, the present detailed study indicates 
four closely related but separate instrusions, two of which have salic 
differentiation facies. The sequence from oldest to youngest was: “Gov- 
ernor” diorite, gabbro, “Stony Mountain” diorite, rhyolite. The first 
three types are separated not by gradational contacts, as believed by 
Cross, but by sharp contacts. 


PRE-CAMBRIAN QUARTZITE 


On the prominent ridge trending northwest from Yankee Boy Basin 
are numerous irregularly shaped patches of quartzite (Plate 1) that 
are distinctive lithologic features in this area of otherwise igneous and 
pyroclastic rocks. Cross (1899) mapped them as two large masses in- 
tercalated with rhyolite. His description and interpretation (p. 5), which 
differ markedly from the writer’s, are: 


“The small body of upturned quartzites with an intercalated rhyolite sheet, oc- 
curring in Canyon Creek [Yankee Boy Creek], north of Stony Mountain, has been 
referred to the Algonkian, or oldest sedimentary group of rocks, because it is known, 
as stated in the introduction, that an immense series of quartzites, schists, slates, 
etc., does exist beneath the Paleozoic limestones near Ouray, projects up into the 
volcanic series at several places five miles or less to the eastward, and rises to ele- 
vations of over 14,000 feet in the Needle Mountains, on the southern border of 
the San Juan region. It is supposed that the quartzites of Canyon Creek represent 
a sharp pinnacle of the post-Cretaceous topography which was buried by the great 
volcanic accumulations of the San Juan. 

The quartzites of this area are rather coarse grained, grading into a fine conglom- 
erate. They consist almost entirely of pale, smoky or somewhat clouded quartz 
grains, with only a small amount of kaolin in the interstices. The beds are massive 
banks, the bedding being, however, distinct, with variable strikes. The prevalent one 
seems to be about N.65°W., and the strata are in places nearly vertical. 

These quartzites, if not Algonkian in place. must be supposed to form from a 
block floated up in the gabbro magma of the Mt. Sneffels-Stony Mountain eruption. 
But since the mass projects on one side into the San Juan tuffs, and has but a nar- 
row arm of the gabbro-diorite on the other side, it does not seem possible that a 
mass of this size can have been floated into this position.” 


The writer agrees with Cross in assigning the quartzite to the pre- 
Cambrian but differs by interpreting the rhyolite as part of the stock 
for reasons to be advanced. Apart from the age of the rhyolite, however, 
there is convincing evidence that the quartzite masses were carried up 
in the gabbroic magma. Detailed work revealed that, instead of form- 
ing two large masses, the quartzite actually exists in small isolated 
patches, some too small to be mapped, others up to 150 feet in length. 
Some clearly are separated by igneous rock, others by an unconsolidated 
mantle that conceals the bedrock relations. Many of the latter, never- 
theless, though no more than 10 to 20 feet apart, differ decidedly in 
strike and dip. For example, immediately east of the rhyolite are two 
large blocks. One strikes due north and dips steeply west; the other 
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strikes nearly due east and dips steeply south. Since there is no evidence 
of sharp folding or faulting within any one block, radically different dips 
cannot reasonably be ascribed to such causes. After careful examination 
of every quartzite outcrop, the writer found extreme variation in attitude 
rather than a prevailing N. 65°W. strike. The small size of even the 
largest blocks, the sharp divergence in attitude, and the presence of 
some undoubted quartzite inclusions favor the hypothesis that all are 


inclusions. 
BEDDED VOLCANIC SERIES 


GENERAL STATEMENT 
The area contains three series of nearly horizontally bedded volcanic 
rocks: the San Juan tuff, Silverton volcanic series, and Potosi volcanic 
series. Their total thickness of approximately 2800 feet in the area 
mapped represents only a fraction of the total thickness in adjacent 
areas. They represent part of the volcanic material erupted in huge 
quantities during Tertiary time. Burbank (1932, p. 37) states that 
eruption reached maximum intensity during Miocene time but that it 
may have continued into the Pliocene. Portions of the series have been 
described in more or less detail in this and other parts of the San Juan 
Mountains; the reader is particularly referred to Cross and Larsen’s 
(1935, p. 57-100) review of these complex volcanic rocks. 


SAN JUAN TUFF (MIOCENE) 

The lowest division within the area is the San Juan tuff which borders 
the stock almost everywhere except at the higher elevations on the west 
side of Stony Mountain. In places metamorphism extends hundreds 
of feet from the stock, and the tuff grades imperceptibly into the Governor 
diorite or the gabbro. In other places the tuff shows little metamorphism, 
and its contact with the stock is not difficult to establish. 

The San Juan is a complex of tuffs, breccias, agglomerates, and con- 
glomeratic beds, whose larger fragments are prevailingly fine-grained 
andesite and latite, the former being more abundant. The almost entire 
absence of rhyolite distinguishes it from the overlying Silverton series 
(Burbank, 1933, p. 140). 


SILVERTON VOLCANIC SERIES (MIOCENE) 


The Silverton voleanic series, unconformably overlies the San Juan 
tuff. It is essentially a complex of andesitic, latitic, and rhyolitic tuffs, 
breccias, and flows that reach a maximum thickness of about 3000 feet 
near Silverton (Cross and Larsen, 1935, p. 59). In the Stony Mountain 
region the maximum thickness is about 500 feet, and the most abundant 
rock type is a dark pyroxene andesite. Contact between the Silverton 
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Ficure 1. Stony Mountain 


Ficure 2. QuartTzITE INcLusions (Licut Patcues In Lower CENTER) IN GABBRO 
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series and the stock can be seen only on the west side of Stony Moun- 
tain where the series has a maximum thickness of 310 feet. 


POTOSI VOLCANIC SERIES (MIOCENE) 


An erosional unconformity separates the Potosi volcanic series from 
the Silverton. Miocene age for the Potosi has been established by Em- 
mons and Larsen (1923, p. 12) on the basis of plant remains found near 
Creede, Colorado. The Potosi is characterized by rhyolitic and latitic 
tuffs, breccias, and flows which contrast with the predominantly ande- 
sitic rocks of both the San Juan and the Silverton. The writer assigns 
all the Potosi rocks shown on Figure 1 to the “Treasure Mountain” 
quartz latite, one of six divisions established by Cross and Larsen 
(1935, p. 68). 

Erosion has removed most of the Potosi rocks adjacent to the stock, 
but on Potosi Peak, only 6500 feet northeast of Stony Mountain, nearly 
1300 feet of the series remains. The stock is in contact with the Potosi 
only on the western side of Stony Mountain (Fig. 1), where rhyolitic 
tuff and overlying quartz latite flow occupy the topmost 300 feet of 
two prominent ridges. 

GOVERNOR DIORITE 
GENERAL STATEMENT 


The earliest rock constituting the stock is essentially a dark, fine- 
grained diorite, here termed the Governor diorite because it is typically 
exposed a short distance north of the Governor mine. The most prominent 
lithologie variation occurs along the west-central side of the stock where 
diorite grades into a light-colored, hornblende-bearing monzonite facies. 
This salic facies will be treated separately since it shows numerous in- 
teresting features pertaining to the problem of differentiation in igneous 
rocks. The diorite forms the outer border of most of the main stock 
and also occurs in disconnected, but closely associated, outlying bodies 
of various shapes and sizes (Fig. 1). The intrusion sent out numerous 
apophyses and radial dikes; some extend far up into the Potosi series, so 
intrusion was post-Treasure Mountain and is tentatively considered upper 
Miocene. 

The vertical range of exposures is 1875 feet; the highest outcrop occurs 
about 275 feet northwest of the summit of Stony Mountain, and the 
lowest in the extreme southeast, near the junction of Governor and Yankee 
Boy creeks. In general the diorite is better exposed on the western 
than on the eastern side of the stock. 

Most of the outer border of the diorite is in contact with the San Juan 
tuff. The intensity of contact metamorphism in the tuff ranges remark- 
ably from place to place through a zone from a few feet to nearly 1000 
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feet in width. In many places, as the intrusion is approached, the meta- 
morphic rock shows a perfect gradation from fragmental tuff into uni- 
formly appearing igneous rock. The difficulty of attempting to delimit 
the two rock types in the field was soon observed, and it was necessary 
to form some criterion for separating them on the map. Near the intru- 
sion the larger fragments of the tuff are conspicuous on weathered 
surfaces, even where the freshly broken surface resembles the usual 
fine-grained diorite. The contact was placed where the fragments 
disappear regardless of the fact that on the tuff side the rock often appears 
more igneous than fragmental. 

In contrast to the usually wide metamorphic zones developed in the 
San Juan tuff, the Silverton and Potosi voleanic rocks generally show 
only slight metamorphism where intruded by the diorite. In a number 
of places the contact between diorite and Potosi quartz latite is sharp. 
The same applies to the Silverton pyroxene andesite, although the contacts 
are not so commonly exposed. With no apparent consistency, neverthe- 
less, either the Silverton or Potosi rocks may be locally metamorphosed 
for several feet. 

The varying width of the metamorphic zones shows that at different 
places the heat effects or the penetration by volatile constituents of 
the magma varied considerably. In general the metamorphic effects are 
much more pronounced in the more previous San Juan tuff than in the 
Silverton or Potosi rocks, and this suggests that permeability was the 
controlling factor. 

Another important feature of the surrounding bedded volcanic rocks 
is their undisturbed, nearly horizontal attitude. In numerous places 
excellent vertical exposures along the contacts reveal practically no 
bending, fracturing, or warping of the pyroclastic rocks. This definitely 
suggests that emplacement was predominantly by some method other 
than by direct forcing apart of the intruded beds. The dip of the 
contact with the bedded voleanic rocks is nearly vertical in all places 
where it could be observed. 


ROCK DESCRIPTION 


Hand specimens of Governor diorite generally show uniform appear- 
ance regardless of location. The weathered surface ranges from dull 
gray to reddish brown and occasionally is pitted due to removal of 
large augite crystals. The fresh rock is fine-grained and greenish gray 
to greenish black. A few tablets of plagioclase and grains of augite, 
both averaging from 1 mm. to 2 mm. in length, may be seen imbedded in 
the nearly aphanitic groundmass. Exclusive of the salic differentiate, 
the most notable variation in the mass is a facies on the eastern and 
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northern sides of the stock showing much greater development of large 
augite crystals that occasionally reach 5 mm. in diameter but average 
about half this size. 


Numerous thin sections show reasonably uniform texture throughout. The tex- 
ture commonly is hypautomorphic with grains of widely varying sizes that com- 
monly do not exceed 0.7 mm. in diameter. In general the larger crystals are 
plagioclase, which may or may not be zoned, and less abundant augite. Plagioclase, 
augite, and orthoclase are most abundant and are associated with varying amounts 
of hypersthene, quartz, pyrite, apatite, chlorite, calcite, biotite, and very small 
amounts of sphene, hematite, sericite, and epidote. 

Plagioclase has formed in two generations. The first is labradorite, averaging 
AbwAnsz; the second, andesine, averages AbssAnw, is considerably the more abundant, 
and occurs mainly as subhedral grains seldom longer than 04 mm. Albite twinning 
lamellae are generally sharp in labradorite but are poorly defined or absent in 
andesine. Zoned crystals are abundant, particularly in the first generation (Pl. 4). 

Orthoclase occurs widely and fairly uniformly distributed in irregularly shaped 
grains of diverse sizes. It is usually quite fresh and relatively free from inclusions. 

Augite is uniformly distributed in nonpleochroic, colorless to very pale-green, single 
grains or clusters. Individual grains range from minute specks to 1 mm. in diameter. 
Anhedral to euhedral crystals occur, with the former greatly predominating. The 
maximum extinction angle (ZAC) is 43 degrees. A few large grains show diallage 
parting, and many others have twin seams developed with (100) as the twinning plane. 
Augite is often greatly altered to either chlorite and calcite or to a fine-grained ag- 
gregate of biotite and magnetite, the biotite showing further alteration to chlorite. 

Light-green hypersthene is a minor constituent found only in a few thin sections. 
It occurs mainly as altered subhedral prisms slightly larger than those of augite, but 
there are rare euhedral crystals. The hypersthene is optically negative and has very 
faint, pink pleochroism which indicate a low iron content near enstatite in composi- 
tion. 

Original biotite, not a common constituent of the diorite, occurs in small extensively 
corroded grains that average from 0.1 to 0.2 mm. in diameter. It is strongly pleochroic 
with X = pale yellow, Y = light reddish brown, and Z = dark brown. Alteration com- 
monly causes loss of color without loss of strong birefringence. Magnetite and apatite 
are the most common inclusions; commonly biotite encloses a single grain of irregularly 
rounded magnetite. 

Quartz, in varying amounts, irregularly and intricately fills interstices. Many 
grains are easily overlooked except under very high magnification. Slight undulatory 
extinction and relative paucity of gas or fluid-filled cavities are characteristic. Micro- 
scopic intergrowths of quartz with orthoclase are rare. 

Apatite is widespread in small, colorless to very light blue, needle-shaped crystals 
that commonly range from 0.01 to 0.04 mm. in length. It is included by all the 
other orthomagmatic minerals. 

Magnetite occurs in grains ranging from specks to 0.35 mm. in diameter. Per- 
plexing age relationships with the other minerals suggest three distinct periods of 
formation. The first generation forms irregularly rounded grains within augite and 
hypersthene. Many other grains, however, 0.1 to 0.35 mm. long, appear to have 
formed as an end phase or deuteric product. Gillson (1927, p. 23) gives two char- 
acteristics by which a deuteric mineral may be recognized; namely, “the grain does 
not fit into the crystal mesh of the rock, but lies in a haphazard or random manner 
without regard to the boundaries of adjacent minerals,” and secondly, that “the grain 
is of irregular shape, and sends arms or finger-like branches out into other minerals; 
or it encloses or partly encloses several adjacent grains of different mineral species.” 
Magnetite was not found definitely enclosing several adjacent mineral species, but all 
the other criteria were observed. Some additional tiny grains seem to be derived 
still later from augite. 

Rare pyrite and hematite have random distribution, although few specimens failed 
to show some pyrite. Hematite borders the magnetite. 

Every thin section contains considerable chlorite and calcite, and a few show minor 
development of epidote and sericite. 
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CHEMICAL AND MODAL ANALYSES 

A chemical analysis (Table 1) of the Governor diorite was made from 

a specimen collected 290 feet due west of the summit of Stony Mountain 
at an altitude of 12,510 feet. Both megascopically and microscopically 


Taste 1—Chemical and modal analyses of the Governor diorite 
R. B. Ellestad, analyst, Rock Analysis Laboratory, University of Minnesota. 


Chemical analysis 
Modal analysis (weight percentage) 

Andesine (Ang)............. 40.8 | Other constituents—including 

Intratelluric labradorite biotite, hypersthene, apa- 


it appears to be typical of the rock mass and far enough removed from 
veins to be free from any late alteration. 

A comparison of Table 1 with the average chemical analysis of diorite 
as given by Daly (1914, p. 26) shows that the Governor diorite has 3.28% 
more silica, 1.36% more alumina, and 1.99% less magnesia than average. 

A calculation of the analysis to the C.I.P.W. standard normative 
minerals would give a total of about 14% quartz, whereas in reality 
less than 8% is present. 

Table 1 also tabulates a modal analysis (weight percentage) of the 
same specimen that was chemically analyzed. It can be noted from 
the mineral composition that the term diorite is merely one of con- 
venience, for the rock contains too much orthoclase and quartz to be a 
normal diorite. 
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HORNBLENDE MONZONITE FACIES 


General statement.—The most outstanding differentiation facies of the 
Governor diorite is a cupola of hornblende monzonite exposed at an 
average altitude of 12,400 feet along the prominent south-west- 
trending ridge near the summit of Stony Mountain. The greatest 
length of the monzonite body is about 700 feet; the width varies from 
100 to 300 feet. An embayment coinciding with a small topographic 
saddle roughly divides the body into two equal parts (Fig. 1). Con- 
tacts with the Silverton and Potosi series, though not abundantly ex- 
posed, are sharp and nearly vertical. 

Typical transition toward diorite is illustrated by a series of specimens 
collected across the hornblende monzonite body, southwest of its central 
embayment, along the crest of a ridge whose elevation does not vary 
more than 40 feet. Changes toward the border are essentially the same 
in each direction from the center. Most conspicuous are a decrease in 
hornblende and corresponding increase in augite. In addition, intratel- 
luric labradorite becomes slightly more abundant, more glomeroporphy- 
ritic, and less corroded; late generation feldspar more calcic; and epidote 
less abundant as the border is approached. 


Rock description—Prominent megascopic features of the monzonite 
are the light-greenish-gray matrix and the conspicuous hornblende blades 
ranging from 2 to 4 mm. in length. Chlorite, epidote, and altered grains 
of feldspar can generally be readily distinguished. 


The most notable microscopic features of the monzonite, as contrasted with the 
diorite, are the abundance of narrow hornblende blades (Pl. 4), the more sodic 
composition of the plagioclases, the small amount of augite, the greater development 
of epidote and sericite, and the total absence of hypersthene. 

Hornblende occurs in unoriented, corroded blades some of which are twins having 
(100) as the twinning plane. The maximum extinction angle (Z‘C) is 17 degrees; 
cleavage is well developed; and pleochroism is strong, with X = yellowish green, 
Y = olive green, and Z = dark green. The hornblende apparently crystallized 
directly from the magma, for neither augite, partly replaced by hornblende, nor 
pseudomorphs of hornblende after augite were found. 

Plagioclase of the monzonite occurs, as in diorite, in two distinct generations. The 
earlier is labradorite (Ab.sAns;) mostly forming anhedral to subhedral grains 1 to 
2mm. long. Albite twinning is well developed and in a few grains is combined with 
Carlsbad. Borders commonly are partly resorbed, and entire grains are injected by 
later oligoclase. The later generation, a sodic oligoclase (AbseAnu), is the most 
abundant feldspar. Individual crystals, seldom exceeding 0.8 mm. in length, are sub- 
hedral to anhedral. 

The optical properties of the other minerals present (Table 2) are identical with 
those in the diorite. 


Chemical and modal analyses.—The specimen selected for chemical 
and modal analyses (Table 2) represents the most salic type rich in horn- 
blende. 

A comparison of the chemical and modal analyses of the diorite and 
monzonite (Tables 1, 2) indicates both similarities and differences. 
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Total silica is approximately the same. The monzonite has nearly 
2.5% less Al,O; than the diorite; this can be explained chiefly by the 
greater proportion of Al,O; in the more calcic feldspar of the diorite, 
in spite of differences in the total quantity of plagioclase. Slight 


TaBLe 2.—Chemical and modal analyses of the hornblende monzonite facies of the 
Governor diorite 


R. B. Ellestad, analyst, Rock Analysis Laboratory, University of Minnesota. 


Chemical analysis 


Modal analysis (weight percentage) 

Oligoclase (Any)............ 31.3 | Other constituents—including 

Intratelluric labradorite chlorite, epidote, calcite, 

8.1 pyrite, sphene, apatite, 
10.6 hematite, sericite.......... 13.1 


differences between the FeO and Fe.O,; content of the two rocks can 
best be attributed to the varying and uncertain amounts of iron contained 
in chlorite, augite, and hornblende, even though the modal amounts of 
magnetite do differ about 1.5%. The increase in Na,O in the monzonite is 
due to more sodice feldspar which in turn is less abundant than the 
andesine of the diorite; hence the difference is not so great as the 
compositions of plagioclases would at first suggest. The difference in 
the K.O content is not great and is accounted for chiefly by the relative 
differences in the amounts of orthoclase, since biotite is not sufficiently 
abundant in the diorite to affect the analysis materially. The greater 
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amount of water expelled above 110°C. in the monzonite is assumed to 
have come chiefly from hornblende. The CO, content is greater in the 
monzonite than the diorite, due to greater abundance of calcite. 


Theory of origin —Little or no gravitative settling could have taken 
place within the Governor diorite after emplacement, for it is reasonably 
uniform in composition and texture throughout both lateral and vertical 
extent. Fluctuations in equilibrium during crystallization, however, are 
evidenced by uniformly distributed oscillatory zoning in plagioclases. 
Intratelluric crystals of plagioclase show no variation in distribution in 
a vertical range of 1800 feet. 

The complete gradation from Governor diorite to hornblende mon- 
zonite, in contrast to the sharp contacts with other rocks, strongly sug- 
gests that the monzonite is a salic differentiate formed in situ. The 
evidence as to absence of crystal settling elsewhere, the existence of 
approximately the same quantity of intratelluric plagioclase in the 
monzonite as in the diorite, and the lower elevation of the monzonite 
than much of the diorite seem to preclude explaining the differentiation 
as due to gravitative settling after emplacement. 

Transfer of material after emplacement but prior to solidification 
is the most reasonable theory to account for the hornblende monzonite. 
The transfer was probably accomplished by volatile constituents, since 
the hornblende monzonite occupies a cupola where gases might be ex- 
pected to collect. This explanation accounts for the many similarities and 
also for the differences, notably (1) greater Na.O, K.0, and H.O content 
and lesser Al,O, and CaO content, due to differences in composition of 
plagioclases and in proportions of hornblende to augite, and (2) greater 
magmatic corrosion of early plagioclase in the hornblende monzonite than 
in the diorite. 

In view of the evidence for emplacement by magmatic stoping provided 
by the undisturbed attitude of the volcanic rocks and the fact that the 
parent magma of the monzonite facies invades the relatively salic Potosi 
quartz latite, the change in composition might be ascribed to material 
incorporated from the wall rock. At no other place where diorite invades 
the same rock, however, is the monzonite facies developed. Moreover, 
neither included fragments of quartz latite nor segregations that could 
be interpreted as former inclusions could be found within the hornblende 
monzonite. 


GABBRO 
GENERAL STATEMENT 


By far the greatest volume of rock composing the stock is a medium 
to dark gabbro locally showing great variation in composition, texture, 
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and color. The most prominent variation is a quartz monzonite facies 
mapped separately (Fig. 1) in the connecting arm northwest of Yankee 
Boy Basin. In addition, light-colored diorite grading into quartz diorite 
forms the bulk of the floor of Yankee Boy Basin and the cliffs east of 
Yankee Boy mill. 

The gabbro is younger than the Governor diorite, for stringers extend 
into the diorite, and inclusions of diorite occur near the contact. In 
general the contact is sharp. 

Contact of gabbro with San Juan tuff may be sharp or gradational, 
but, where sharp, the tuff had previously been metamorphosed by the 
earlier Governor diorite. 

The metamorphic zone between gabbro and tuff varies from 20 feet 
on the northern and western sides to nearly 1000 feet on the northwestern 
border. The wider zones may represent places where the magma chamber 
spread out beneath the tuff, but no field evidence could be found to sup- 
port this supposition. Differences in composition and extent of jointing 
in the intruded rock might result in greater local permeability causing 
marked differences in the intensity of metamorphism. However, this 
does not seem to account solely for the great variations that exist, 
and an additional factor has probably been the irregular concentration 
of volatile and less viscous parts of the magma. 


ROCK DESCRIPTION 


Although the bulk of the mass is essentially a gabbro, no single specimen 
is typical of the entire stock. The rock varies from noritic gabbro to 
quartz monzonite yet it possesses certain characteristic petrographic 
features—dark-green color, medium grain size, and diabasic texture. 


Microscopie examination shows texture variations from diabasic to hypautomorphic. 
The most abundant minerals are plagioclase and augite, with associated orthoclase, 
hypersthene, biotite, quartz, apatite, chlorite, calcite, white mica, hematite, pyrite, 
leucoxene, and sphene. 

Plagioclase, averaging Ab.;Anss, commonly occurs as subhedrons. Albite twinning 
is prominent; Carlsbad combined with albite twinning is rare. Zoning becomes 
increasingly abundant toward the border of the mass. 

The orthoclase content ranges from 4 to 27 per cent by weight. It is characteris- 
tically late as evidenced by irregularly shaped grains including subhedral or euhedral 
grains of plagioclase, augite, and most of the accessory minerals. 

Pale-green augite occurs in subhedral and, less commonly, anhedral grains of many 
different sizes, some as long as 5 mm. Many crystals show seamlike twinning with 
(100) as the twinning plane; rarely herringbone structure is developed where (100) 
twins combine with polysynthetic (001) twins. The extinction angle (Z,C) is 43 
degrees, and occasionally a diallage parting is developed. Augite is frequently inter- 
grown with plagioclase, and either one may include the other. 

Hypersthene varies greatly in amount and is completely absent in some facies. 
The size and shape of grains differ, but many are subhedrons, which commonly 
are corroded. The hypersthene is very faintly pleochroic and biaxial negative ; hence, 
it probably is low in iron and near enstatite. Small euhedral crystals of plagioclase 
are common inclusions. 


- 
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alteration to chlorite. 


TaBLe 3—Modal analyses of a series of gabbro specimens 


Showing mineral variations with changes of altitude as the border of the stock is approached. 
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Biotite occurs in almost all specimens in different-sized grains that quite con- 
sistently show considerably corroded edges and likewise partial or almost complete 
The mica is strongly pleochroic, with X = light yellow, 
Y = faint reddish brown, and Z=deep brown. A very small amount of secondary 
biotite is associated with and derived from augite. 


Total of: Total minor 

Specimen | aititude| Plagioclase | Otho 
chlorite, cal- hematite, pyrite, 

cite, sericite leucoxene 
36D69 12698 | 47.1 (Ans) 12.8 1.3 32.5 5.6 ond 
36D319 | 12545 | 49.5 (Ang) 5.2 0.5 34.8 8.2 1.8 
36D314 | 12450 | 47.9 (Anso) 9.9 1.6 29.4 9.5 D Wee g 
36D312 | 12350 | 48.2 (Anes) 6.7 1.4 30.5 11.3 1.9 
36D309 | 12155 | 53.4 (Ans7) 8.3 0.2 28.8 8.5 0.8 
36D147 | 11850 | 50.8 (Ang) 13.3 8.1 22.8 3.2 1.8 
36D143 | 11465 | 55.3 (Anss) 12.3 0.6 25.7 5.3 0.8 
36D139 | 11140 | 45.5 (Ang) 14.9 8.7 21.9 7.1 Lo 
36D105 | 10870 | 44.6 (Ange) 15.1 8.8 21.6 8.2 Ly 


grains, 


Mountain. 


orthoclase and quartz. 


Some quartz was found in every rock, although only a few isolated grains are 
present in some. It partially penetrates and fills interstices between the other min- 
erals. Small gas- or liquid-filled cavities are rare, and only a moderate amount of 
undulatory extinction can be observed. 

There seem to be three generations of magnetite. Early magnetite occurs in anhed- 
ral to subhedral crystals included by other minerals. i 
formed during alteration of the mafic minerals and are found bordering the mafic 
minerals or else as irregular small grains confined to the host mineral and associated 
with much calcite, chlorite, or bleached mica. 
occurs as irregularly shaped blotches that penetrate all the other minerals. 

Apatite, a consistent and widespread accessory mineral, occurs most commonly in 
euhedral needles averaging less than 0.3 mm. long. 

Sphene, rarest of the accessory minerals, occurs in small, irregular, wedge-shaped 


Most of the magnetite, however, 


MODAL ANALYSES 


Modal analyses (Table 3) were made of nine specimens collected 
along a southeasterly line extending from the top to the base of Stony 
The series of specimens represents a vertical range of 1828 
feet and an approximate horizontal distance of 2500 feet. 

The analyses bring out the mineral variations of the mass. It can 
be noted that the composition of plagioclase varies with no general con- 
sistency as the bottom of the stock is approached except that near the 
border the plagioclase becomes more sodic and is associated with more 
This is not a perfect gradational relationship as 


a comparison of specimens 36D147 and 36D143 will indicate. The 


Other grains of magnetite have 
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plagioclase of specimen 36D147 has a composition of andesine and is 
associated with a moderately high amount of quartz and orthoclase, but 
specimen 36D143, which is lower and also nearer the border of the mass, 
shows plagioclase of labradorite composition associated with less than 
1 per cent quartz. 


TasLe 4.—Chemical analysis of the gabbro from the summit of Stony Mountain 
L. G. Eakins, analyst. From the Telluride folio (No. 57) p. 7 


100.41 


The apparent variation in magnetite content is fortuitous, for in 
numerous places the rock grades horizontally within a few hundred feet 
from one rich in magnetite to one very low in magnetite, although not 
even the most salic phases show a complete absence of magnetite. 


CHEMICAL ANALYSIS 


A chemical analysis (Table 4) of gabbro from the summit of Stony 
Mountain was published by Cross (1899) in the Telluride folio. The 
analysis is listed by Washington (1917, p. 533) as a superior analysis of 
a fresh rock with a rating of A2.IT. 

Table 5 compares the calculated norm of the chemical analysis with 
the author’s modal analysis of a specimen from this general area. The 
greatest difference between the two rocks lies in the percentage of ortho- 
clase, as the writer’s specimen was computed to contain over 3 per cent 
more orthoclase than the one analyzed. The apparent discrepancy be- 
tween the two plagioclases is readily accounted for by the presence 
of considerable augite in the mode, which would reduce the CaO of the 
norm and subsequently reduce the relative abundance of anorthite. The 
difference between the two quantities of hypersthene can likewise be 
explained by assuming that part of the MgO of the mode is present in 
chlorite and biotite which are not standard normative minerals. Any dis- 
crepancies between the two analyses can be accounted for by the uncer- 
tainty of composition of such minerals as augite, chlorite, and biotite, 
or else the original composition variation of the two specimens analyzed 
could in itself readily account for the differences. 


‘ 
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QUARTZ MONZONITE FACIES 

The quartz monzonite facies crops out over two fairly large areas in 
the connecting arm from Yankee Boy Basin towards Mt. Sneffels (Fig 1). 
The gabbro commonly grades imperceptibly into quartz monzonite, but 


Taste 5.—Norm and mode of two different specimens of gabbro from the summit of 
Stony Mountain 


C. I. P. W. standard normative minerals* Modal analysis of specimen 36D69** 
pa 
Sax 33.36 Labradorite (An,,)............ 47.1 
5.80 Chlorite, calcite, sericite....... 3.1 
Minor accessories: mostly 
* Norm panying the chemical analysis given as Table 4. 


** No chemical analysis made of this specimen. 


in some places irregularly shaped apophyses of the quartz monzonite 
definitely penetrate the gabbro with parts of the apophyses showing 
sharp dikelike contacts. 

The quartz monzonite is medium- to fine-grained and differs very little 
in average grain size from the adjoining gabbro. Its color ranges from 
light pinkish gray to light greenish gray but becomes a much darker 
green as it grades into the gabbro. 

ORIGIN OF QUARTZ MONZONITE 

The dikes and apophyses indicate that the quartz monzonite is slightly 
later in time of emplacement than the gabbro. The presence of both 
gradational and sharp contacts suggests that the quartz monzonite magma 
was forced upward into the hot, but partially solidified, gabbro. Dif- 
ferentiation must have occurred at depth, therefore, and not in situ as 
postulated for the hornblende monzonite derived from the Governor 
diorite. 

Field and microscopic data yield only negative evidence as to the 
mechanism by which the quartz monzonite originated. As the gabbro 
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penetrated well into the Potosi rhyolites and latites, salic rocks must 
have been added to the magma, yet none partly assimilated can be 
found. Moreover, no direct evidence can be set forth to support a theory 
of fluid or gaseous transfer. It is very possible that fractional crystalliza- 


Taste 6—Average mode (weight percentage) of three specimens of the quartz 
monzonite facies of the gabbro 


7.3 apatite, pyrite, biotite, 
hornblende, sphene, hema- 

tite, leucoxene............ 4.2 


tion at depth by erystal settling or “filter press” mechanism may be the 


answer. 
STONY MOUNTAIN DIORITE 


GENERAL STATEMENT 


The Stony Mountain diorite, vertically exposed for 1320 feet, is entirely 
restricted to the east side of Stony Mountain and is surrounded by gabbro. 
Jointing is prominent (Pl. 2), tends to be very irregular, and is more 
closely spaced than in the gabbro. Chemical weathering has progressed 
along the joints to a moderate extent with notable development of 
hydroxides of iron. 

The Stony Mountain diorite contains inclusions of gabbro and sends 
apophyses into the gabbro. Furthermore, small granite aplite dikes found 
occasionally in the gabbro end abruptly against the diorite. These evi- 
dences of age relationship between the two rocks are scanty, for a sharp 
contact can usually be followed for great distances without obtaining 
any definite clue as to which is younger. The relations cited, however, 
clearly prove that the Stony Mountain diorite is younger than the gabbro, 
which in turn is younger than the Governor diorite. 


ROCK DESCRIPTION 


A noteworthy feature of the diorite is its uniform megascopie appear- 
ance. The typical rock is fine-grained, dark greenish black, and breaks 
with a subeonchoidal fracture. A faint diabasic texture may often be ob- 
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served on the fresh surface, and still more frequently on the slightly 
weathered surface. 

There are no large differentiation facies such as occur in the Governor 
diorite or in the gabbro, and the minor facies are small, gradational patches 
only slightly different from the normal type. No consistent border features 
have developed, but in a very few places an increase in biotite over augite 
can be noted. Some of the minor facies may be medium-grained or almost 
aphanitic, the latter being the more common. 

In thin section the typical diorite is seen to be uniformly fine-grained with a 
texture ranging from hypautomorphic to diabasic, the former much more common. 

The principal plagioclase is andesine (AbsoAna), occurring commonly as subhedral 
laths averaging 0.3 mm. in length. Albite twinning is very prominent; a few crystals 
show pericline twinning, others a combination of albite and Carlsbad twinning. The 
few inclusions present are small anhedral grains of magnetite and augite as well as 
euhedral needles of apatite. f 

In addition to the main plagioclase there are a few moderately corroded intra- 
telluric crystals of a more calcic andesine (Abs:Aniw) averaging 0.6 mm. in length. 

Orthoclase averaging 0.3 mm. in length fills the interstices between andesine and 
augite or may even enclose them. 

Augite ranges from minute specks to 0.6 mm. in diameter; the average is 0.2 mm., 
and grains smaller than this are more common than larger ones. Anhedrons greatly 
predominate, in contrast to the more perfectly crystallized augite of the gabbro. 
The maximum extinction angle measured from the slow ray is 43 degrees. Anhedral 
magnetite and euhedral apatite, the former predominant, are abundant as inclusions. 

Brown biotite, found in a few border facies, occurs as irregularly shaped grains 
averaging 0.4 mm. in diameter. Biotite includes small crystals of augite, magnetite, 
andesine, and apatite. 

Magnetite occurs in smal] anhedral grains averaging 0.3 mm. in diameter. A few 
show slight border alteration to hematite. Some slightly larger grains appear to be 
of end phase origin, and some magnetite has also resulted locally from alteration of 


augite and biotite. 
MODAL ANALYSES 


Modal analyses (Table 7) of three specimens from widely separated 
localities and different elevations depict the most extreme mineralogic 
differences that may be encountered. Specimen 36D163 represents the 
typical diorite. Specimen 36D310 was collected near the border and rep- 
resents a minor biotite-rich facies. Specimen 36D57 is one of the darker, 
almost aphanitic facies. Table 7 shows that the rock does not vary to 
any unusual degree even in its most extreme types. The plagioclase con- 
tent varies less than 4 per cent. Orthoclase is nearly constant; it shows 
about the same abundance as in the gabbro. Augite varies within 11 per 
cent; it can be noted that a decrease in augite is compensated by a pro- 
portional increase in biotite, and the total of the two is very similiar in 
all three specimens. Magnetite, present in moderate amounts, is not so 
abundant as in the gabbro. Hypersthene is not present. 

The Stony Mountain diorite shows a marked similarity to both the 
Governor diorite and the gabbro in regard to essential minerals, the late 
occurrence of orthoclase, and the consistent presence of magnetite and 
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apatite. It is reasonably assumed that the Stony Mountain diorite magma 
was closely related to the magmas of the Governor diorite and gabbro 
even though a period of time intervened to permit the solidification of 
each earlier intrusion. 


Taste 7—Modal analyses (weight percentage) of three specimens of the Stony 
Mountain diorite 


Specimen Specimen Specimen 
36D310 36D163 36D57 
Intratelluric plagioclase................ 4.3 (Ang) 4.1 (Ang) 5.1 (Ang) 
15.1 3.2 0.8 
Minor constituents—including apatite, 
calcite, sericite, hematite, pyrite....... 3.4 4.1 3.9 


RHYOLITE 
GENERAL STATEMENT 


The last large intrusion in the stock was a rhyolite forming a mass about 
1500 feet long and 300 feet wide. Excellent exposures along Yankee Boy 
Creek show prominent vertical flow structure developed at the eastern end, 
and a short distance farther west the rock is tabularly jointed (Pl. 2). The 
rhyolite contact with gabbro can be seen at an elevation of 11,525 feet 
along a tributary stream. 

ROCK DESCRIPTION 

The rhyolite is light gray to pale pink on a fresh surface, becomes soft 
and chalky white adjacent to the numerous veins, and weathers dull 
gray or light reddish brown. Quartz and orthoclase phenocrysts, mostly 
euhedral, each average 2 mm. in diameter. Quartz tends to stand out on 
a weathered surface, where crystal faces may be well preserved. 


As seen in thin section, the rhyolite is very felsic, with the mafic minerals con- 
stituting only about 5 per cent by weight. Phenocrysts of orthoclase and quartz 
(Pl. 4), the former slightly more abundant, constitute about 16 per cent. The feld- 
spar is usually more or less banded by small dustlike inclusions. 

The groundmass is principally orthoclase and quartz in anhedral grains ranging 
from 0.02 to 0.05 mm. in diameter. Hornblende and biotite occur very sparingly in 
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subhedrons less than 0.05 mm. in size. Small grains and needles of apatite are found 
only as inclusions in orthoclase and quartz. Tiny grains of rounded zircon and of 
subhedral sphene are sparse. Magnetite forms irregular grains ranging from 0.01 to 


0.03 mm. in diameter. 
AGE OF RHYOLITE 


Cross (1899, p. 2) assigned the rhyolite an Algonkian age because 
(Algonkian) quartzites are intercalated with the rhyolite in Canyon Creek 
(Yankee Boy Creek on later maps) and because the rhyolite does not 
penetrate the San Juan tuff. Evidence contrary to both these statements 
was found during the detailed study made by the present writer. 

Although the quartzite masses do occur near the rhyolite, there is abso- 
lutely no evidence that the two are intercalated. Actually, only one 
quartzite block is in contact with the rhyolite, this being on the north- 
west side. Most of the remaining quartzite blocks are entirely surrounded 
by gabbro, and some lie as much as 1000 feet from the rhyolite. 

The northernmost exposure of rhyolite definitely penetrates the San 
Juan tuff. This conclusively proves the rhyolite to be at least Tertiary. 
In addition there is indirect evidence that the rhyolite is younger than 
either the gabbro or the Stony Mountain diorite. One bit of evidence is 
found at the eastern contact of rhyolite and metamorphosed tuff along 
Yankee Boy Creek (PI. 3) where gabbro has intensely metamorphosed the 
San Juan tuff but has not affected the adjoining rhyolite, so the rhyolite 
must have been intruded subsequent to the gabbro. Other evidence is 
based upon rhyolite and associated pitchstone dikes which extend south- 
ward from the main mass. The dikes include gabbro, Stony Mountain 
diorite (Fig. 1) and also San Juan tuff at a distance of nearly 2000 feet 
beyond the southernmost border of the stock. 


DIKES 
GENERAL STATEMENT 


Many igneous dikes of various sizes and compositions are genetically 
related to the Stony Mountain intrusion. By far the largest number are 
andesites that radiate from the main intrusion (Fig. 1). In addition to 
the igneous dikes, two clastic dikes penetrate the gabbro and Governor 
diorite. The dikes can be divided into five main divisions, which in prob- 
able order from oldest to youngest, are: “radial” andesite dikes; aplites 
associated with the three basic intrusions; clastic dikes; “non-radial” 
andesite, dacite, and andesite porphyry dikes; and rhyolite and pitch- 
stone dikes. 


“RADIAL” ANDESITE DIKES 

The radial andesite dikes border the stock chiefly on its northeastern, 
eastern, and southern sides. Those to the northeast clearly radiate from 
the Governor diorite, and the position of the others is very significant. A 
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study of the geologic map (Fig. 1) shows that practically all, if extended 
toward the stock, would come from this early diorite, although rock mantle 
now obscures their inward extension. Of equal or greater importance is 
the fact that no dikes of this character penetrate the gabbro or the Stony 
Mountain diorite. Hence, the dikes must be associated with the Governor 
diorite period of intrusion. 

Atlas Flat, which lies south of the stock, contains a maze of dikes whose 
positions can be fairly well traced by numerous outcrops. They range in 
width from 2 to 60 feet, but most are about 10 feet wide. Vertical to 
nearly vertical dips prevail; an outstanding exception occurs near the 
Atlas mill, where a large dike dips 30° NW. 

East of the stock, a number of large dikes are exposed along the steep 
slopes of Potosi Peak. Many are closely associated with and intensely 
altered by later veins. Since the altered material is easily eroded, most 
dikes now occupy ravines. The eastern dikes are exposed over a maximum 
vertical range of 1000 feet. Their width and composition are about the 
same as those in Atlas Flat. Most of them pinch out within a distance 
of 2500 feet. 

A branching group of dikes or apophyses is well exposed in the sharp 
ravines and cliffs about 1300 feet due north of Yankee Boy Falls. One of 
the bodies shows all transitions from normal Governor diorite in the con- 
necting trunk (apophysis) outward into an andesite dike having the same 
composition and texture as all the other radial dikes. Small stringers of 
bordering gabbro penetrate the lower part of the diorite trunk, so the 
gabbro is later than the dike. 

Dikes on the steep slopes of the large basin west of the Governor mine 
are well exposed. All are andesites that become thinner away from the 
stock and so are assumed to be radial and genetically related to the Gover- 
nor diorite. 

Megascopically, the rocks composing the dikes show great similarity. 
The vast majority are aphanitic, without conspicuous phenocrysts; they 
are typically medium to dark gray, though some have a green tone. There 
is little vertical or horizontal variation within a dike. A few specimens 
from widely separated localities were examined in thin section. An inter- 
mediate andesine occurs in subhedral to euhedral forms. Augite, in sub- 
hedral forms, is the most abundant mafic mineral, although locally horn- 
blende may be present in considerable quantity. Minor amounts of quartz 
and orthoclase are local, and euhedral needles of apatite have the same 
abundance as in the stock. Magnetite of late origin is always present. 
Hydrothermal alteration and weathering have developed calcite and 
chlorite in large quantities; the mafic minerals have largely been altered 
beyond definite recognition. 
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APLITE DIKES 


A few aplite dikes occur in the Governor diorite, gabbro, and Stony 
Mountain diorite, but they are absent in the rhyolite. They are not com- 
mon, however, to warrant detailed study. Nearly all are less than 3 inches 
wide and extend for only short distances. The vast majority are granite 
aplites having a light- to medium-pink color and a sugary texture, but a 
few light- to dark-gray, sugar-texture dikes were found that probably 
range in composition from monzonite to quartz diorite. It is notable that 
no pegmatite dikes were found in any of the rocks composing the stock. 


CLASTIC DIKES 


Two clastic dikes are intermittently exposed on the eastern side of 
Stony Mountain (Fig. 1). The width of the southern one averages 8 feet 
but attains a maximum of 16 feet, whereas the maximum width of the 
northern one is only 2 feet. The southern dike also contrasts with the 
northern in being much better exposed and locally associated with a dacite 
dike. The dikes dip steeply but have numerous local variations both in 
strike and in dip. From each main dike extend numerous branches, some 
of which rejoin. Near the western extremity of the southern dike an ex- 
cellent vertical exposure shows a large branch of the dike pinching out 
in an upward direction. 

The fragments composing the clastic dikes have a wide range in size, 
shape, and composition. The size ranges from microscopic to 14 inches in 
diameter, but fragments one inch or less in diameter predominate. The 
prevailing shapes are subangular to fairly well rounded, although some 
are either angular or almost spherical. Igneous material including ande- 
site, diorite, dacite, monzonite, and granite predominates. There are also 
a few fragments of intensely weathered slate and of quartzite; the latter 
closely resembles the pre-Cambrian quartzite exposed near Ouray. 

The typical rock is dull greenish brown or brown. Light-colored frag- 
ments stand out prominently in the more intensely altered, fine-grained 
matrix. Even under the microscope, the bonding material appears only 
as a clouded film. 

The lithologic character indicates that material in the dikes was derived 
from older and lower-lying conglomeratic beds. The upward pinching of 
a branch of one of the dikes eliminates the possibility of fractures being 
filled from above. No quartzite beds are known to exist in this general 
locality either higher stratigraphically or in altitude than the stock. The 
most logical source would be the basal conglomeratic beds of the San Juan 
tuff and the underlying Telluride conglomerate which are composed of 
rocks similar to those found in the clastic dikes (Cross, 1935, p. 47, 57). 
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The writer believes that material now forming the clastic dikes was 
brought up by local explosive volcanic action having a force great enough 
to bring up the poorly consolidated material of the underlying beds. It 
is notable that the southern dike is closely associated with a dacite which 
in places shows the clastic material in an igneous matrix. The partial 
association of the igneous and clastic dikes may be due to a later origin 
of the dacite dike but it also suggests that the explosive action may have 
occurred just prior to the upward movement of the dacitic magma. 


“NON-RADIAL” ANDESITE PORPHYRY, ANDESITE, AND DACITE DIKES 


A group of seemingly related dikes ranges in composition from andesite 
to dacite and in texture from even-grained to porphyritic; they are 
not numerous, and only a few may be followed for any considerable dis- 
tance. Although the average width is about 3 feet, there actually is 
great variation in both width and attitude. All the dikes send off minor 
branches, some of which rejoin. 

The dikes of this group are younger than the “radial” andesite dikes. 
Not only do many of them transect Governor diorite, gabbro, and Stony 
Mountain diorite, but on the north side of Atlas Flat an andesite 
porphyry cuts one of the radial dikes. On the other hand, an andesite 
porphyry on the south slope of Stony Mountain is cut by a rhyolite dike 
that is believed to be essentially contemporaneous with the rhyolitic facies 
of the stock. This andesite-dacite group, therefore, is younger than the 
Stony Mountain diorite and probably older than the rhyolite. 


RHYOLITE DIKES 


Extending in a general southward direction from the main rhyolite in- 
trusion of Yankee Boy Basin is a series of disconnected rhyolite dikes 
that penetrate all the rocks of Stony Mountain and even extend 2000 
feet south of the stock into the San Juan tuff (Fig. 1). Most are 
tubular-shaped, but some occur as small isolated bodies that are cigar- 
shaped in ground plan. The latter vary from 1 foot to 12 feet in width 
at their centers; they may be composed of rhyolite, very resinous brown 
pitchstone, or a combination of rhyolite and pitchstone. Where to- 
gether, either rhyolite or pitchstone may occupy the center. 

In spite of minor variations in strike, the prevailing trend of the dikes 
is nearly north-south, parallel to the general belt in which they occur. 
The belt if extended northward would meet the main rhyolite body 
of the stock. Furthermore, the predominating dike rock has no pheno- 
crysts but otherwise is similar to the rhyolite of Yankee Boy Basin. 
These features strongly suggest a genetic relation between the dikes and 
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the rhyolite facies of the stock, and field relations prove the dikes to cut 
late andesite porphyry as well as all the basic plutonic facies. 


SUMMARY 


The Stony Mountain stock has penetrated Miocene volcanic rocks be- 
longing to the San Juan, Silverton, and Potosi series. Field and micro- 
scopic evidence reveal four distinct intrusions. The rocks are essentially 
diorite, gabbro, and rhyolite, although many local gradational facies 
were developed. The first intrusion is represented by a fine-grained, 
dark diorite (the Governor diorite) and numerous radial andesite dikes. 
An associated hornblende monzonite facies is believed to have formed 
by gaseous or liquid transfer of material into the previously emplaced 
dioritic magma. 

The second intrusion is essentially a medium-grained, dark-green gab- 
bro that varies considerably in composition within short distances. Two 
moderately large areas of quartz monzonite associated with the gabbro 
differentiated at depth prior to emplacement into the hot, partially solidi- 
fied gabbroic mass. Blocks of pre-Cambrian quartzite, ranging from 
small fragments to 150 feet in length, were carried up by the gabbroic 
magma. 

Clastic dikes containing fragments of lower-lying conglomeratic beds 
transect the gabbro and Governor diorite and suggest that very minor 
explosive activity occurred after the gabbro was formed; available evi- 
dence does not necessarily restrict the time of activity as prior to the next 
intrusion. 

A third and much smaller intrusion followed the gabbro. The rock 
(Stony Mountain diorite) is fine-grained and dark; it resembles the 
earlier Governor diorite but is much more uniform in composition and 
has no important differentiation facies developed. Andesite, andesite 
porphyry, and dacite dikes are related to this intrusion. 

It is believed that the first three intrusions were not separated by any 
great time break and were derived from the same large magma chamber. 

The last intrusion is a felsic rhyolite that penetrates the gabbro. 
Rhyolite and pitchstone dikes, genetically related to the main body, cut 
the gabbro and the two diorites. 
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ABSTRACT 


Record of tide gauges indicate that sea level generally is rising at an average rate 
of about 10 cm per century. The uplift in Fennoscandia and North America is 
investigated, and maps showing the rate of uplift are given. A discussion of the 
new material and historic evidence leave no doubt that the uplift is a consequence 
of isostatic readjustment of the equilibrium disturbed by the postglacial melting 
of the ice. The remaining uplift is about 200 meters in Fennoscandia and possibly 
more in North America, where the present rate of uplift has its maximum of about 
2 meters per century in the region of Hudson Bay. Originally, the time needed to 
reduce the defect in mass to one half under the regions of uplift was less than 10,000 
years, but it has been increasing with time and now exceeds 20,000 years. 

Theoretical investigations on the plastic flow in the interior of the earth connected 
with the uplift are critically discussed and extended. The movements affect the 
whole interior of the earth below the regions of uplift; their amplitudes decrease 
slowly in the upper 1000 km. If one assumes a strong lithosphere with a thickness 
of about 70 km and below the asthenosphere with a viscosity of the order of 10” 
poises, but little or no strength to prohibit plastic flow, there is no disagreement 
with observations related to isostasy or deep-focus earthquakes. Tectonic processes 
connected with isostatic anomalies larger than those in the regions of postglacial 
uplift must be connected with plastic flow at least down to the core. The importance 
of the effects of small forces acting during long periods is pointed out. 
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INTRODUCTION 


In many regions of the earth continuous changes of the surface are 
going on. Such movements have been studied either by using precise 
geodetic measurements or by investigating the changes in the level of 
the ocean or of lakes relative to fixed points on the shores. Such investi- 
gations are not only of much importance in geophysical questions, but 
they also furnish fundamental data for use in problems of engineering. 
(See, e. g., Freeman, 1926; Chamber of Commerce of the District of 
Levis, 1937.) The author, in 1933, investigated such changes of level in 
North America, but in the interim a large body of data has accumulated 
calling for revision and extension. 


MATERIAL 


The most important publication used in this paper is a summary of 
monthly and yearly mean heights of sea level derived from observations 
up to the end of 1936, together with information dealing with the 
way in which the observations have been taken and reduced. It was 
issued by the Association d’Océanographie (1940) and supplemented by 
data for 1937 (Association d’Océanographie, 1939). Most countries co- 
operated in the compilation of these data, without which the fundamental 
problem of eustatic changes during the last decades could not have been 
investigated. For a few of those stations which did not report to the 
international summary, the levels published by Witting (1918) for 1898 
to 1912 were used. In addition, the United States Coast and Geodetic 
Survey kindly furnished data concerning sea level at United States sta- 
tions for 1988 and 1939. The Hydrographic Service of the Canadian 
Department of Mines and Resources furnished similar data for Canadian 
stations in 1938, and, in addition, provided valuable results on the mean 
level at Churchill, Hudson Bay, as well as information obtained from 
gauge records on the Great Lakes in Canada. Mean sea levels on the 
United States shores of the Great Lakes were kindly provided by the 
United States Lake Survey Office at Detroit, Michigan, and the United 
States Engineer Office at Duluth, Minnesota. 


CAUSES FOR SLOW VARIATIONS OF TIDE-GAUGE READINGS 


Publications of tide-gauge readings purport to provide the mean ele- 
vation of sea level during a given period at a given point relative to a 
supposedly fixed mark on the coast. The problem, then, is to calculate 
the change in sea level and the change in elevation of the coast. In 
addition the results are influenced by meteorological effects, conditions of 
the water and the shore, local effects, and errors. The following sources 
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of true and apparent changes in sea level at a given point have been 
considered: 


(1) Eustatic changes. Due to various causes, such as changes in the 
configuration of ocean bottoms and coasts, and processes which remove 
water from the earth’s surface or add water to it, the mean sea level 
changes constantly. The order of magnitude of such variations during 
periods of geological history can be estimated by investigating contempo- 
rary shore lines in widely separated areas. For recent decades, such 
changes can be detected by comparing tide-gauge readings in various 
parts of the world. 

(2) Effects of meteorological elements on sea level. Changes in air 
pressure, wind, rain, flow in rivers, local ice conditions, salinity, and 
temperature of the water are among the causes to be considered. For a 
more detailed discussion, the reader is referred to Marmer (1931, p. 52), 
La Cour (1931), LaFond (1939), Woodworth (1927, p. 12), or Johnson 
(1929), who in addition has pointed out that these effects may be 
affected by local changes in the shelves near the shore. 

Attempts to calculate the effect of some of the meteorological elements 
on the sea level have been made by La Cour (1931) and by Witting 
(1918), whose well-known map of the uplift of Scandinavia is based on 
a discussion of sea-level changes. Variations in the density of sea water 
and in the level of equilibrium as a consequence of changes of its tem- 
perature or salinity have been investigated by LaFond (1939). The 
total amount of all these effects may be found from comparing geodetic 
measurements with tide-gauge data. Avers (1931, p. 219) has summarized 
some of the results. Thus, at St. Augustine, Florida, the mean sea level 
has been found to be about 24 cm lower than at Galveston. Toward 
the north along the Atlantic coast the height of mean sea level increases. 
At Boston, it is about the same as at Galveston, while at Portland, Maine, 
it is about 7 cm higher. Along the Pacific coast, the calculated differences 
are even larger; at San Diego the mean sea level has been found to be 
40 cm higher than at Galveston, decreasing to 32 em at San Pedro, Cali- 
fornia, increasing to 79 cm at Fort Stevens, Oregon, and it is about 
65 cm above the Galveston level in the State of Washington. The result, 
that the mean sea level along the Pacific coast of the United States is 
about half a meter higher than along the Atlantic coast, “agrees in sign 
with that shown by the leveling across the Isthmus of Panama, where it 
was found that the mean sea level on the Pacific coast is approximately 
0.2 meter higher than on the Atlantic coast” (Avers, 1931, p. 219). Sim- 
ilar results have been found in other regions. As pointed out by Dawson 
(1917, p. 15), mean sea level at Quebec is about 45 em above mean sea 
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level at New York. Scholaski (1929) found that the mean sea level 
at Arkhangelsk is 24 cm above, at Odessa 88 cm below, and at Vladi- 
vostok 180 em below the mean sea level at Cronstadt. In Great Britain 
the values of mean sea level at Newlyn, Harwich, and Felixstowe are in 
agreement within limits of 2 cm with the values found from geodetic 
measurements, but mean sea level is 26 em higher at Dunbar and 35 cm 
higher at Aberdeen, according to Vignal and Taton (1935). For Norway, 
the same authors report an altitude of sea level generally increasing toward 
the north from an assumed zero at Oslo to 16 cm at Bergen, 35 em at 
Kjélsdal, and 66 em at Heimsjé. Bowie (1929) pointed out that in the 
northern hemisphere all data available indicate a tilting of mean sea 
level upward with increased latitude. “It seems reasonably certain,” he 
concludes, “that it is due to meteorological conditions such as prevailing 
directions of winds and differences in barometric pressure with latitude 
and to the differences in salinity and density of ocean waters at different 
places.” All these data must be considered as approximations only, since 
the relative elevations of the points mentioned change in course of time. 

To reduce the effects under discussion on the values of the calculated 
sea levels, the author has given greater weight to a few selected stations 
where a long series of observations is available, so that the undesirable 
variations are of small influence; shorter series of other stations have 
been compared with these. By comparing differences between the data 
of the second group of stations with the contemporary data of the first 
group, the effect of meteorological elements is greatly reduced. 

(3) Effects of the method of observation. Some of the tide-gauge 
stations have continuous records, at others the mean sea level is calcu- 
lated from readings by an observer at certain intervals, from once an 
hour to once a week—at some stations during the day only, at others 
day and night, at some without reference to the tides, at others only at 
high and low water, either day and night, or during the day only. 
The international summary lists 22 different modes of reduction of 
observations. As long as a station maintains one and the same mode 
there is no difficulty, although the accuracy of the result depends on 
the number of observations. However, at many stations the method 
has been changed from time to time, and sometimes stations change from 
a few observations at given hours every day to times related to low 
and high tides, or vice versa. As the rise and fall of the water usually 
does not correspond with a curve symmetrical with respect to the “mean 
level,” averages taken from high and low will differ from the “mean” 
calculated from readings made at certain hours. The difference may 
be positive or negative and depends on the form of the tide curve. (See, 
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for example, Marmer, 1931, p. 51.) In some instances, corrections have 
been applied before the values were reported to the international sum- 
mary, for example by the Dutch stations; in others, where no mention 
is made of such a correction, the data have been used only if no other 
data near the points in question were available. 

At many stations the reference point of the tide gauge has been 
changed, sometimes repeatedly. As long as the data are in agreement 
and values before and after the change differ only within the usual fluc- 
tuations, this is not serious, although the amount of calculation is in- 
creased. However, at many stations, the relationship between the two 
reference points is not given and in most instances probably is not accu- 
rately known. As a consequence, the data before and after the change 
are not comparable, and valuable information is lost. For this reason, 
a relatively large number of observations for 1937 could not be used, 
though some of the missing information may possibly be supplied in later 
summaries. Where the differences are small, it is often impossible to 
find out whether the data given in the summary are calculated by taking 
account of the difference between the reference points. The possibility 
of mistake is increased by the fact that some stations reckon the sea 
level from a mark above the average downward, so that higher readings 
correspond to a lower level, whereas usually the sea-level datum is taken 
higher with algebraic increase in the figures which, besides, may be posi- 
tive or negative. The use of various units is an additional source of 
errors and necessitates calculations. 

(4) Effects of changes affecting the tide gauge. At several stations 
there are sudden jumps in the readings from one year to another without 
any similar indication at neighboring stations. In such instances it seems 
likely that the tide gauge or a part of the recording system has moved. 
In some instances the ground may have settled, in others it may be the 
effect of an earthquake, either on a district of large area, or on the 
ground near the position of the gauge, or both. Besides some instances 
to be given later for several places, see, for example, Woodworth’s (1927, 
p. 74) description of effects of the earthquake of 1899 at Yakutat Bay, 
Alaska, or Tsuboi (1939). 

(5) Effects of errors. Errors may occur in reading the gauge, in cal- 
culating daily, monthly, or yearly averages, in writing them down, or in 
printing. So long as they are small, they probably escape attention. 
However, during the calculations made by the author, discrepancies led 
to the discovery of a number of misprints in yearly averages, or mistakes 
in calculating them. In other instances, the cause of suspected errors 
could not be found. 
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(6) Effects of land movements. If the tide-gauge readings are cor- 
rected for all the effects just mentioned, the resulting figures indicate 
the change in elevation of the point at which the tide gauge is located. 
By combining the data for a larger area the gradual changes can be 
found. The results may be compared with the findings from geodetic 
measurements, and their reliability may be checked. Unfortunately, both 


TasLe 1—Uplift in Finland by various methods in cm per century 
The first three lines after Kukkamiiki (1939), the last from the present paper. 


Station Turku (Abo) Hanko Helsinki Hamina Viipuri 
Geological observations.............. 74 56 41 31 19 
oe eee 54 43 36 38 28 
Mareographs (Witting).............. 52 40 36 40 40 
Mareographs, present paper.......... (52) 41 45 (32) 30 


types of results are available for a few regions only. The most extensive 
data exist in Finland, which provides an outstanding example for the 
conduct of all types of geodetic measurements with important results. 
Kukkamiki (1939) has compared the findings of the change in elevation 
from geodetic, geologic, and mareographic investigations (Table 1). The 
geological results are those of Sauramo (1939), based on the uplift of the 
si and lines since Littorina I, about 7000 years ago. The geodetic data 
are from recent measurements, relative to Helsinki for which an uplift 
of 36 cm per century has been assumed in order to make the data of 
the second and the third lines equal for this point. The findings based on 
mareograph records given in the third line are those by Witting (1918). 
In the last line results of the present paper are added, those in parentheses 
being interpolated. Kukkamiki’s map as well as that of Sauramo have 
been reproduced by Daly (1940, p. 315, 313, respectively). The agree- 
ment between the results of the various methods, especially the three last 
lines of Table 1, is very good, and the direction of the isobases (lines of 
equal uplift) drawn from the geodetic data is about the same as from 
the gauge readings. Thus, the data found from tide-gauge readings ex- 
tending over a few decades and carefully used are a good substitute 
for geodetic measurements in investigating tilting of the earth’s crust. 
The geological observations indicate a larger tilt rate as is to be expected, 
as the rate of tilting decreases with time. 


METHOD OF CALCULATION 


In using the data from mareographs, two major questions arise: What 
is the minimum number of yearly means needed to furnish useful results, 
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and how are they to be combined? Some information on the first ques- 
tion is available in the literature. Marmer (1931, p. 64) points out that 
19 years of observation (a full tidal cycle) frequently are considered as 


necessary to provide a 

“primary determination of mean 
sea level,” but that “a close approximation to mean sea level may be derived from 
observations covering a period of nine years. . . . Very satisfactory determinations 
of mean sea level may be derived from observations covering periods of from one 
to three years, by taking advantage of the fact that the variation in sea level from 
year to year is much the same over considerable areas. By comparing with simul- 
taneous observations at a station at which long series of observations is at hand, 
corrections may be derived for reducing the secondary determination of sea level 
to a mean value.” If this method is used, “a year of observation will give a mean 
sea-level determination correct to within 0.05 foot and four years will give it correct 
to within 0.02 foot.” 
In other words, if we have two stations with complete series of observa- 
tions covering the same 5 years, the average difference between the level 
at the stations found for this interval is probably accurate within at 
least 4% cm. The accuracy depends on the local conditions; where the 
effect of meteorological or other causes is large, the probable errors are 
greater than in a region with smaller fluctuations. 

The previous discussion refers to the problem of finding the mean 
sea level, but in the present paper we are interested in calculating the 
changes in level. The first assumption which has been generally made 
thus far is that the changes are proportional to time. For long periods 
this is a very good approximation as a comparison of the results of recent 
geological studies with those provided by geodetic or mareographic in- 
formation indicates (Table 1). However, the findings leave no doubt that 
the changes sometimes occur more rapidly, sometimes more slowly. This 
fact has been recognized by practically everybody working on this prob- 
lem. Thus, it becomes still more important to use long series of observa- 
tions at a few places as basic data and to compare the readings at other 
stations with them. 

This leads us to the question of finding the best method for using the 
data. The most accurate (but also the most tedious) is to use the method 
of least squares in each case as the author did in his previous paper 
(Gutenberg, 1933). However, considering the large quantity of data to 
be digested in the present paper, the author has followed the example 
of others, and taken the average of the first x years and the average of 
the last x years, at every station, and divided the difference between 
the two means by the number of years between the weighted midpoints 
of these intervals. The problem is to find the best value of x. From the 
results on accuracy of mean sea level given above, an interval of 10 years 
for x should be sufficient. This consequently was used in all instances 
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where the data covered more than 25 years. Where readings for less 
than 25 years were available, x was taken as one third or slightly more 
of the whole period. If z is increased, the accuracy of the mean value 
for each of the two sections is increased, but the time interval between 
the midpoints of the two periods decreases and thus the error of the result 
increases. If the number ¢ of observations is large enough to replace 
the true errors of the observations by the corresponding function of the 
probable error E of each observation, x should be one third of the whole 
interval t to make the probable error of the final result a minimum. The 
probable error of the mean of x observations is Z/\/z, and the probable 
error of the result E\/2/V/z(t — x) with a minimum for xz = t/3. 

The procedure for finding the change at a station relative to the change 
at a near-by station is similar; first the differences between the yearly 
mean sea levels were calculated, and the results divided in sections as 
given above, with z = 10 for t > 25. If two series of observations 
of 4 or 5 years are available at both stations, covering the same periods, 
and separated by at least 5 years with or without observations, the com- 
parison, in general, will furnish a result useful for our purpose. Under 
these circumstances the relative mean sea level at the midpoints of each 
period then can be found usually within about 14 cm, and the relative 
change in level within less than 10 em per century. The results of the 
present investigation confirm these theoretical predictions, for the large 
majority of stations. In some instances, however, larger discrepancies 
indicate relatively large local disturbances or errors. 

The discussion, thus far, has dealt with readings of tide gauges at the 
sea coast. Data on lake levels are to be treated similarly. In this case 
the effects of wind and air pressure are usually smaller, and the effects 
of flow of water in rivers, rain, and freezing temperature are larger; 
however, this affects the whole lake more or less equally so that com- 
parisons between gauges located in the same lake are not much influenced. 
This is true, too, for the change in the lake level due to the uplift or 
sinking of the outlet relative to other points of the lake. 


EUSTATIC CHANGES 


In order to find the uplift of land in a given region by using the change 
in sea-level, the average change of mean sea level over the whole earth 
must be known. The sea-level change has been calculated for all sta- 
tions for which sufficient data are available, omitting, however, those 
regions where postglacial uplift of the land is known to occur. The 
results found by employing the methods described in the preceding section 
are given in Table 2. The data for the stations given in the first column 
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TaBLE 2.—Changes in sea level in cm per century 


729 


Change Change 
Station Region Station Region 
years) sta- | re- (years) sta- | re- 
tion | gion tion | gion 
Aberdeen 1862/1913 |— 1 Porto Maurizio 1897/1922 | +21 
Dunbar England 1914/1937 |— 6 |— 2 || Genova Italy 1884/1936 | +13 
Liverpool 1857 /1937 0 Civitavecchia (Thyrrh.) | 1896/1921 |+ 8 |+20 
———|——— |] Napoli, Arsen. 1899/1921 | +32 
Le Havre 1860 /1886 0 Napoli, Mandr. 1897/1921 | +27 
Cherbourg France 1860/1884 | +11 _ 
(Atlantic) | 1891/1937 + 2 || Palermo Sicily 1897/1922 |+ 6 
Brest 1807/1936 |+ 8 Catania | ig97/1919 |+ 7 
Biarritz 1889/1937 |— 9 — 
———|———-|} Porto Corsini 1897/1921 | +37 
Port Vendres 1888/1937 | +11 Venezia, Lido Italy 1917/1934 | +31 
Séte 1888/1937 8 Venezia, Arsen. (Adria) 1889/1913 | +23 | +27 
Port-de-Bouc 1894/1937 | +26 Venezia, Stef. ‘ 1896/1919 | +26 
Martigues France 1894/1937 |+ 3 |+ 9 || Trieste 1905/1936 | +19 
Marseilles, P.V. (Medit.) 1890/1926 | +22 
Marseilles, M. 1885/1937 | +16 La Goulette Tunisia 1889/1937 |+ 3 
La Ciotat 1893/1926 |— 8 Béne 1889/1925 |+ 9 
Nice 1888/1909 | +11 Alger Algeria 1905/1937 |+16 | +12 
——|——| Oran 1890/1931 | +23 
Alicante Spain | 1874/1934 |— 3 |* © |! Belgrano 1915/1936 | +22 
———|—_——|| Mar Del Plata | Argentina | 1911/1937 |+ 2/+ 9 
Horta Azores 1906/1937 |+ 9 |+ 9 || Buenos Aires 1905/1937 |+ 2 
Ajaccio Corsica 1912/1937 | +10 413 Cristobal Canal Zone | 1909/1939 |— 4 
Cagliari Sardinia 1897/1934 | +16 (Atlantic) 
—|— Galveston U.S.A. 1909/1939 | +48 | +21 
Atlantic City U.S.A 1912/1939 | +34 Key West (Gulf) 1913/1939 | +18 
Baltimore (Atlantic) 1903/1939 25 426 
New York ‘i 1843/1902 | +23 Rangoon } ‘Hain 1880/1920 0 
1893/1939 | +18 Moulmein 1880/1920 0;+6 
Port Blair Andaman | 1880/1920 | +16 
Balboa Canal Zone | 1909/1934 |+13 | +13 Is. 
——|-———|| Kirun 1904/1924 {+11 
S. Diego-L. J. 1906/1939 | +17 Takao } Formosa | 1904/1933 | +25 | +18 
Los Angeles U.S.A. 1924/1939 | +14 412 — —— —— 
S. Francisco (Pacific) 1898/1939 | +12 Hukabori 1900/1924 | +13 
Seattle 1899/1939 |} + 6 Hamada 1900/1924 8 
Iwasaki 1900/1924 | +26 
Honolulu Hawaii 1905/1939 | +22 |+22 || Otaru Japan 1906/1933 | +20 | +13 
— Hanasaki 1900/1924 | +37 
Sydney Australia | 1897/1927 |— 1 |— 1 || Aikawa 1900/1924 |+11 
— Hososima 1905/1933 | —25 
Aden Arabia 1880/1920 |+ 3 |+ 3 
Bombay, A. B. 1878/1936 |+ 7 Average of all stations +12 
Bombay, P. D. India 1888/1920 |+ 2 47 
Karachi 1868/1920 |+ 7 Average of all regions +11 
Madras 1880/1920 | +11 
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are combined to form regional averages in order to reduce the effect 
of the uneven distribution of stations. The third column shows the time 
interval used. 
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Figure 1.—Changes in sea level, 10-year averages 


The averages of the single stations, as well as of the regional values, 
indicate that the sea level has risen at a rate of about 11 cm per century 
during recent decades. This value cannot be influenced much by the 
settling of tide gauges at some stations. In figure 1! 10-year averages 
have been plotted. They show that the changes are not regular and that 
the periods of faster rising did not occur simultaneously at all stations. 


1 The figures of this paper were drafted by Mr. John M. Nordquist. 
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Besides, it seems as if the rising has occurred at a faster rate during 
recent decades. 

The rise of the water level of the ocean may be partly due to an uplift 
of the bottom in the Hudson Bay, the Gulf of Bothnia, and other oceanic 
regions with post glacial uplift. However, a noticeable postglacial up- 
lift probably occurs in less than one per cent of the total area occupied 
by oceans and seems to explain at best 10 per cent of the present rise 
in ocean level. Sedimentation, too, is a minor cause as has been pointed 
out for example by Kuenen (1940). Melting of glaciers and of polar 
ice caps, spreading of continents, uplift of ocean bottoms due to sub- 
crustal currents may contribute to the result. Whatever the cause of 
the rise in sea level may be, presumably apparent sinking of the land 
by about 10 cm per century would be found from tide gauges in a 
stable region. For this reason, 10 em should be added algebraically to 
changes in the elevation of land which have been deduced from tide- 
gauge readings at oceanic coasts during the past few decades. 

Certain special remarks about Table 2 are needed. The data for 
Newlyn, England (50.5°N., 5.5°W.), indicate a rather strong “rise in 
sea level,” about 40 em per century, but cover only 21 years and have 
not been included in the table. The data of the Spanish stations are 
based on incomplete yearly values. The data for the Portuguese stations 
have been omitted from the table, as the records of Cascais (Lisbon) 
cover only 21 years, whereas Lagos reported from 1909 to 1937, but 
with an incomplete series for the first 10 years. Both indicate a fall 
in sea level at the rate of about 30 cm per century. The findings for 
most of the Italian stations are partly based on incomplete series of 
observations. On the other hand, the agreement between the two sta- 
tions at Napoli and the three at Venezia is good and indicates the ac- 
curacy of the method. This is also true for other places with two dif- 
ferent series of observation. 

At Messina, “in consequence of an earthquake on 28th December 1908 
the gauge-zero fell 0.57 m.: in the following years the gauge continued 
to fall” (Association d’Océanographie Physique, 1940, p. 145). Averages 
of the “mean sea level” are as follows (in em): 

1908 1909 


1897/1901 1903/07 Jan.- 1908 1909 1909 Apr- 1910 1911 1912 1913/17 1918/22 
Nov. Nov. Apr. May Dec. 


—110 -—109 —113 —104 —72 -68 -60 -50 -48 -44 -36 -30 


The bench mark is given as at —110 cm until the end of 1908 and at 


—10 em thereafter. 
There are three stations giving data for the region of the Suez Canal 


from 1923 to 1937 with some years missing. The results have been 
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omitted from the table on account of the short time intervals. They 
indicate a rise of the sea level at Port Said at the rate of about 30 cm 
per century, of about 5 cm per century at Kabret, and a fall of about 
5 cm per century at Port Thewfik. 

Some of the stations in Argentina have not been used because of 
rather incomplete series of observations. The data indicate a rise in 
sea level by about 20 em per century at Deseado and by about 40 at 
Comodoro Rivadavia. The data for Quequén show a rapid decrease 
of about 20 em between June and July 1915 and have been omitted. 

The data for New York 1843/1902 have been taken from Burr et. al. 
(1904). However, according to information supplied by the United 
States Coast and Geodetic Survey, the observations prior to 1893 were 
made for purposes which did not include precise determinations of sea 
level. 

There are some data for New Zealand, but the gaps between them 
are too long to furnish accurate results. They indicate a slight fall in 
sea level at Auckland and a small rise at Wellington (in feet): 


Auckland: 1900 and 1909......... 6.31 Wellington: 1901 and 1909........ 2.83 
6.25 1915 and 1919........ 2.95 
dL 6.23 1921/24, 1927, 1930... 2.93 


In Australia, most stations were installed only recently. Sydney has 
a complete record from 1897 to 1927 and data for several years between 
1873 and 1888, as well as for the years 1934 and 1937. There is, how- 
ever, a sudden change of about 14 foot between 1880 and 1881, so that 
the older data have not been used in Table 2. Observations at Port 
Adelaide from 1882 to 1891 give an average sea level of 4.18 feet above 
the local zero, and for 1933 an average of 4.83 feet. This would indicate 
a rise of sea level at the rate of about 40 em per century. 

At Tamatave, Madagascar, the average for 1934/37 is about 1 em 
higher than the average for 1930/33. 

The values for India are of special interest on account of the gravity 
anomalies. The four stations in Table 2 do not indicate any peculiar 
effect. However, at Kidderpore (22.5°N., 88.3°E.), there is a gradual 
decrease in sea level between 1890 and 1900 of about 20 cm, followed 
by relatively small, irregular changes with a tendency to fall still further. 

The changes in Japan have been summarized by Tsuboi (1939) with 
many references to detailed investigations. The data on mean sea level 
published by the Association d’Océanographie (1940) contain the effects 
of the great earthquake of 1923 on the tide gauge at Aburatubo (35.1°N., 
139.6°E.). The upheaval at the fixed point at the time of the shock 
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was estimated as 1.328 meters. During the following years, the water 
level continued to fall slightly, or the land to rise, as indicated by the 
following mean yearly sea level (in cm.): 


1922 1923 1923 1924 1925 1926 1927 1928 1929 
before after earthquake 
+131 +131 —2 —7 —6 -9 —5 


Several other Japanese stations have been omitted from Table 2 because 
of relatively large irregularities within short periods. As changes in 
elevation of the land have been found by precise leveling, it was to 
be expected that in some instances the tide-gauge readings should be 
affected by them. For details the reader is referred to Tsuboi (1939). 


POSTGLACIAL UPLIFT IN FENNOSCANDIA 


The fundamental investigation on the uplift now going on in Fenno- 
scandia is set forth in the paper by Witting (1918). His figure showing 
the lines of equal uplift (isobases) at present is still used in textbooks. 
(See, for example, Daly, 1940, p. 314.) In 1922, he presented a similar 
figure based on a limited quantity of data from observations extending 
over more than 100 years; most of these are reproduced in Table 3. 
In the interim, Egedal (1933) has investigated the uplift in Denmark; 
his findings are listed by Tsuboi (1939). Other data for northern Sean- 
dinavia have been reported by Gavelin (1930) and have been discussed 
by Tsuboi (1939) (Table 3). The agreement among all these data is 
good. Considering the fact that longer time intervals are available now, 
it seemed advisable to use all the information to construct a new map 
of the uplift in Fennoscandia. The material and the methods have 
been discussed already. For each station with a record long enough 
to provide results of sufficient accuracy, the mean uplift has been cal- 
culated, taking into consideration the finding that 10 em need to be 
added to account for the eustatic change. This correction has also been 
added to the data used in Table 3 although the figure given is possibly 
slightly too large for data prior to 1880 (Fig. 1). In addition, the relative 
changes between pairs of stations were calculated, and the results are 
found in Table 4. Figure 2 is an example for the remarkable parallel- 
ism between the yearly changes from station to station in the same region. 

In Table 4 the first column shows the number which was given to 
the stations; the third column, the time interval between the first and 
the last reported yearly mean sea level. In the sixth column, the uplift 
is calculated from x years at the beginning and end of the series fol- 
lowing the rules discussed in the section on methods; 10 em have been 
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Ficure 2—Changes in sea level in Fennoscandia, yearly mean values 
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added to the result. In the following three columns the relative changes 
between pairs of stations are listed; in each column, the first figure 
indicates the number of the second station used; the second figure, 
the difference in the rate of uplift in em per century; and the third 


Taste 3—Uplift of land in Fennoscandia in cm per century 


First section after Witting (1922), second section after Tsuboi (1939). 10 em are added. (See text.) 
No. Station Time Years Lat. N. Long. E. Uplift 
84 Skall6é (Karlskrona)....... 1755-1888 56.7 16.4 24 
1800-1905 58.8 17.9 53 
86 re 1731-1869 60.8 17.5 85 
87 | Ledskar (Ratan)......... 1749-1905 64.0 20.9 107 
88 | Rataskir (Ratan)........ 1774-1905 64.0 20.9 105 
89 | Storrebben (Pite&)........ 1648-1750 65.2 22.0 110 
OD: 1697-1920 63.1 20.8 105 
91 1755-1920 63.0 21.2 110 
93 1754-1920 59.8 22.9 48 
1800-1920 59.8 23.6 55 
95 1750-1920 60.2 25.5 30 
96 1759-1920 60.4 26.3 28 
97 1841-1913 60.0 29.9 0? 
98 Pites district............. 1654-1908 65 22 114 

1654-1750 126 
1750-1851 104 
1785-1884 101 
1796-1908 97 
| 1869-1908 89 


figure, the uplift at the station under consideration under the supposi- 
tion that the uplift given in the last column for the second station is 
correct. Of course, this procedure must start at one or more stations 
with long series of observations. In Table 4, it was assumed that the 
uplift found from the combined data for Stockholm and Nedre Stock- 
holm (112 years) and those for Swinemiinde (126 years) are correct. 
Then for the neighboring stations the differences with respect to the 
basic stations were calculated; weighted averages between the values 
in column 7 and those found from the tide-gauge readings at the station 
(column 6) were entered in the last column. This procedure then was 
followed for the other stations, using sometimes as many as three dif- 
ferent combinations. In general, the agreement between the values 


found in different ways is very good, indicating the degree of accuracy 
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of the method. Some exceptions or noteworthy facts will be discussed 
next. 

Comparison of the mean sea level at Toppila with the values at other 
stations shows a sudden rise of about 10 cm between 1895 and 1896. As 
this seems to be due to a change in the zero point of the gauge, the 
values for the years 1889 to 1895 have not been used. Many of the 
following stations in Table 3 are given with various names, for example, 
Yxpilé = Ykspihlaja, or Alholmen = Leppiiluoto = Pietarsaari. In this 
paper, only one name is used. The co-ordinates (columns 3 and 4 in 
Table 4) are therefore added. 

For many of the stations in the Gulf of Bothnia, the data of the 
stations at Lyékki and Lyperté were used for comparison. Both have 
records of 78 years with data rarely incomplete, and their yearly mean 
sea level agrees excellently. The following are differences in mean sea 
level in em from 1860 to 1869: 4.4, 4.3, 4.0, 4.0, 2.8, 3.3, 3.3, 3.7, 3.0, 2.5; 
the differences continue to decrease gradually, and from 1927 to 1936 
they are: 0.0, 0.1, 0.0, 0.0, —0.3, —0.3, —0.4, 0.2, 0.1, —0.4. 

The data for Hogland, Reval, and Takhona were taken from Witting 
(1918). For the first two some more recent observations are available, 
but the connection of the zero points for the two sets of data is doubtful. 

For the Danish stations, the agreement between the findings of Egedal 
(1933) and the new values is good. The following are the values for 
the rate of change in mean sea level in em per century for various 
stations (numbers as in Table 4), a after Egedal, b calculated in this 


paper: 
No. 51 52 53 54 55 56 57 58 59 69 

a 5 6% 2% 12% 3 1344 844 344 2 1614 
b 4 2 1 10 3 9 11 1 =I 7 


Note that the values in Table 4 are for uplift of land, with 10 em added 
for eustatic changes. 

Unfortunately, the data for Norway had to be based on short, in- 
complete series. On account of their importance for the construction 
of isobases in the western half of the region under consideration, they 
are discussed here more fully. For Oslo, more or less complete series 
of observations are available for 1886/90, 1892/3, and 1928/37. The 
following is the resulting mean sea level (in em): 

1886/90 1892/3 1928 /32 1933 /37 
+12.8 +10.6 —4.5 —9.3 


From these data, as well as comparison with other stations (Table 4; 
Fig. 2), it may be safely concluded that the uplift of the land there is 
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at the rate of between 40 and 70 cm per century during recent decades. 
The mean sea level at Stavanger is found as follows: 


1928 /32 
8.1 


1933 /37 
6.6 


1881/85 
13.1 


1899/1901 
14.8 


The data are very incomplete; between 1881 and 1885 there is no year 
with all 12 monthly averages available. However, a slight uplift of 
the land can safely be concluded. The reader is referred to Table 4 
and Figure 2 for this and the following stations. For Bergen the mean 
sea level is based on almost complete yearly series for 1883/86, 1888/89, 
1893/4, and 1928/37 with the following values (in em): 
1933 /37 
3.5 


1883 /6 
4.7 


1893/94 
8.3 


1888/89 
4.6 


These figures clearly indicate no definite change in sea level, and prob- 
ably a slight uplift of the land not exceeding 20 em per century, con- 
sidering the eustatic change. On the other hand, very incomplete data 
for Trondhjem between 1872 and 1881 suggest a rapid uplift of the 
land there but are too scanty for definite results: water level 1872/74, 
30 em; 1877/78, 24 em; 1880/81, 21 em above an unknown zero. ! 

The data for Narvik cover the years from 1928 to 1937 and are based 
on incomplete series. The following results are found (in em): 


Sea level Narvik Difference sea level Narvik-Bergen 
1928/30 1932/33 1934/35 1936 /37 1929/30 1932/33 1934/35 1936 /37 


6 20 16 18 4 11 121% 16 


The data, if correct, indicate a slight sinking of the land at Narvik. 
At Vardé, the mean sea level between 1880 and 1885 (data very in- i 
complete) was about 4 em lower than in 1891/92, indicating no large 
change and a sinking of the land rather than an uplift. For other 
stations in Norway, the observations are insufficient to give even the 
direction of the change. However, there are readings available for 
Liinahamari in northern Finland for 1931 to 1937. In general such a 
short period was not used, but even the order of magnitude of the 
change in this region is of interest; the following figures are available 


(in em): 
Sea level at Liinahamari Difference Bergen—Liinahamari 
1931/33 1934/35 1936 /37 1931/33 1934/35 1936 /37 
8 5 1% 6% 84 9 


The method of least squares indicates a fall of sea level at the rate 
of about 30 cm per century. All data available point to a rise of the 
land at the rate of between 20 and 60 cm per century. This agrees 
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with the findings of Tanner (1930) who concluded from geological evi- 
dence that there is probably an uplift at the rate of between 25 and 35 
em per century near the cost of the Varangerfjord plus the effect of a 


UPLIFT DURING PAST 7000 
YEARS, IN METERS 


PRESENT RATE OF UPLIFT, 
CM. PER CENTURY 


STATIONS: DATA AVAILABLE 
@ OVER 60 YEARS 
@ 30-60 YEARS 
© LESS THAN 30 


© ACCORDING TO 
WITTING (1922) 
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Ficure 3.—Postglacial uplift in Fennoscandia 
Data for past 7000 years after Sauramo (1939). 


possible eustatic change with isobases bending rather sharply southward 
if one proceeds toward the east, as indicated in Figure 3. The zero 
isobase seems to run in a north-south direction near the eastern tip of 
the Kola peninsula. 
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The small values for the change in sea level at the Dutch and French 
stations (Table 4, nos. 71 to 80; Table 2, second section) leave no doubt 
that these coasts have been very stable during the past 100 years and 
disprove the conclusion of Schmidt (1922) based on comparison of 
geodetic surveys in 1857 and 1884, that during this time interval the 
French coast had been sinking by a maximum of about 1 meter near 
the Dutch border, by about 80 cm near Brest, and less toward the south. 
Apparently the precision of the surveys was not high enough to find 
the correct changes. The same author (Schmidt, 1918) concluded also 
from geodetic measurements that the northern foreland of the Alps in 
Bavaria was moving horizontally, but Schwinner (1933; 1935) and others 
have shown these conclusions to be incorrect and that the hypothetical 
horizontal movements in this region are within the limits of error of 
the geodetic data—smaller than at the rate of 4% em per year. 

The results which have been discussed and the data of Tables 3 and 
4 were used to construct a new map of the contemporary uplift in Fenno- 
scandia and the surrounding regions (Fig. 3). Isobases are drawn for 
every 20 cm per century. In the southern part, the zero isobase prob- 
ably follows the coast of the Baltic Sea slightly to the south. This 
result agrees with findings of Meissner (1924; 1926), who came to the 
conclusion after detailed investigations that the coast region of the Baltic 
Sea in Germany is stable. In spite of very scanty data in the north- 
western half of the region, and the possibility that the isobases are 
closer together in Norway, as indicated by geological data, the general 
picture is well brought out. The isobases are evidently far apart in 
the central region. This agrees with the geological findings as to the 
uplift during the past 7000 years (Initial—Littorina Sea stage). Some 
of the isobases for this time interval have been added to the figure after 
Sauramo (1939). As his curves represent the uplift in meters during 
7000 years, and the new curves the present rate in em per century 
(or meters in 10,000 years), a comparison shows that the recent rate 
of uplift is about two thirds of the average rate during the past 7000 
years. The slowing down of the uplift may also be seen from the last 
figures in Table 3. 

Using data given by various authors, Niskanen (1939, p. 19) cal- 
culated the uplift at many places in southern Finland at various distances 
d from Angermanland. A few characteristic results are given in Table 5. 


POSTGLACIAL UPLIFT IN NORTH AMERICA 


The findings on postglacial uplift in North America during recent 
decades have been based thus far only on data furnished by the gauges 
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in the Great Lakes. In a previous paper the author (Gutenberg, 1933) 
has discussed the material up to and including 1931. In the interim, 
readings for the following 8 years have been made available, and some 
important revisions have been made. In calculating the changes the 
method of least squares used in the earlier paper was replaced by the 


Taste 5—Uplift (in meters) in Finland 
Relative to the present conditions after Niskanen (1939). 


km Station Bo. Bu. 8S. BH. BL. BL. BS. BL. 


220 | Lauhavuori 212 192 145 91 80 61 38 28 19 


285 | Vatula 180 160 126 80 71 55 35 26 17 
240 | Tampere 143. 123 = 105 68 60 49 33 23 15 
395 | Himeenlinna 120 100 94 60 54 45 30 22 14 
440 | Lahti 110 88 85 56 50 42 28 21 13 
475 | Helsinki 67 52 47 29 28 28 19 14 9 
555 | Suursaari 54 43 39 20 22 23 17 13 8 
640 | Ino 25 21 16 2 8 10 10 8 6 


method described in the preceding section, and the relative changes from 
station to station were not found graphically, but by numerical cal- 
culation (Table 7). 

The investigation needs to be carried out for each lake independently. 
Differences between the gauge readings at pairs of stations were calcu- 
lated; Table 6 gives some examples. In general, the differences change 
gradually and leave no doubt as to how one point of a given pair has 
moved relative to the other. Absolute values (corresponding to the 
column 6 in Table 4) were not calculated, as they are influenced by 
the general change in the lake level due to precipitation, flow in rivers, 
vertical movements of the region at the outlet, wind, and other causes. 
Table 7 gives relative changes between pairs of stations in a way similar 
to that in Table 4. In the next to the last column the assumed values 
are listed; an arbitrary zero has been taken for each lake. The results 
were plotted, and lines of equa! relative uplift were drawn for each lake. 
From the fact that there is practically no relative change between Calu- 
met Harbor and Milwaukee on Lake Michigan, and between Port Stanley 
and Cleveland on Lake Erie, it is concluded that the zero isobase runs 
to the north of these stations, and consequently that the zero assumed 
for these two lakes approximates the absolute zero. This agrees with 
the findings of Taylor (1926) that, at least since the time of the Nipis- 
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sing Great Lakes, which was about 5000 years ago according to Antevs 
(1939), there has been no noticeable uplift in this region. The zero 
isobase, “Algonquin-Nipissing Hinge line” of Taylor (1926), may be 
found in Figure 4, according to Daly (1940, p. 327; see also Daly, 1934). 


Taste 6.—Relative changes in lake level in the Great Lakes 


Five-year averages of differences; unit 1/100 foot; zero arbitrary and different in each column. 


8 
s| $3] 43/4 g 

45/23/42] 33132) 38| 22] 28 

—23 || — 6 ]...... +10 | —42]...... 
1905/1909 |j...... —16 | —10 1] -17 -8 
1910/1914 |j...... 0; -16; -11 0; -9 ? ? 
1915/1919 —31 |} —14]...... -17 — +15] —4] -14] -5 
1920/1924 —24 | -10 -—14 +15 | -— 5 +1) +1 
1925/1929 -16 | -—10 | 6 +7] -7 0; +1 
1930/1934 -12; -—6 +4] -—6 0; -—-4/+9 
1935/1939 8; —3] -—5 | —-2|+4 +1]+41] +414 


The selection of the absolute zero for the data concerning Lake Ontario 
is not difficult as Port Dalhousie and Port Colborne are not far apart. 
For Lake Superior to secure accuracy in the assumed absolute zero is 
more difficult, as the stations are farther apart and the hinge line seems 
to curve somewhat in this region; however, the error probably is less 
than 10 cm. The last column of Table 6 was found by using these rela- 
tionships between the adopted arbitrary zero for each lake and its abso- 
lute values. It gives the absolute uplift of the stations in em per century 
with errors probably not in excess of 10 cm for most stations. 

Brief remarks are needed concerning some of the stations. The main 
difference between the results of Table 6 and those of the previous paper 
by the author (Gutenberg, 1933) concerns Calumet Harbor. In the earlier 
paper, the author pointed out that “the large tilt between Calumet and 
Milwaukee has looked suspicious to all investigators, but that it has 
been determined on several occasions that the gauge at Calumet Harbor 
has been stable.” The new data furnished by the United States Lake 
Survey Office at Detroit show that this suspicion was well founded. Lieu- 
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tenant Colonel Richards has kindly pointed out to the author that the 
gauge at Calumet Harbor was not a Lake Survey gauge before 1935. 
When it was taken over, the Engineer Office of the Lake Survey made 
an extensive study of the records and found that between 1902 and 1935 


>100 90 


PERIOD OF OBSERVATIONS, YEARS: © LESS THAN 50, @ 30-60, @ OVER 60 


Ficure 4.—Postglacial uplift in North America 
Curves based on geological evidence after Daly (1934). 


the reference point had settled 0.26 feet with respect to a permanent 
bench mark well back from the water front. There had been other errors, 
besides. The new data are considered the best which can be calculated 
by using the original notes. 

For other stations, the changes are much smaller and are noticeable 
only for Harbor Beach. The data for Toronto for 1911 and 1912 show 
a deviation of about 0.2 feet against the other stations at Lake Ontario 
and were not used. The differences between the mean values for Point 
Dalhousie and Oswego are very irregular for the years preceding 1890 
and were omitted. The difference between the data for Toronto and 
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Oswego is not quite so irregular (Table 6) for this period; the difference 
between the level at Toronto and Port Dalhousie shows relatively large 
fluctuations about zero (Table 6). Apparently, there are meteorological 
conditions which affect the mean lake level at the various stations on 
Lake Ontario more than those in the other lakes and therefore it is to 
be expected that the results for Lake Ontario are less accurate. 

In order to investigate variations in course of time, maps of uplift 
have been prepared (not published) similar to Figure 4 but based on 
successive 5-year averages. Before 1900, insufficient data are available, 
and the few resulting changes seem to be more irregular than in later 
years. About 1900, the tilt seems to have been small in the Lake Erie 
region. The map for 1905 based on a comparison of the average differ- 
ences 1900 to 1904 with those 1905 to 1909 shows tilt above average. 
The map of 1910 indicates very small tilt. In the Lake Michigan-Lake 
Huron region, the maximum change was at the rate of 6 cm per century 
(Harbor Beach-Milwaukee), and its direction was reversed. The figures 
for Mackinaw City indicate no change beyond 3 em per century relative 
to the other stations. In the Lake Superior region, only the pair Duluth- 
Marquette is available, and it shows a reversed tilt at the rate of 12 em 
per century. About 1915, the tilting was very strong. The isobase with 
an uplift at the rate of 50 cm per century runs approximately through 
Mackinaw City and Toronto. In 1920 the tilt was slightly less than 
normal—about 1925 it was normal in the Lake Superior region, small 
in the northern part of Lake Michigan, across Lake Huron and Lake 
Ontario, and reversed in the southern part of Lake Michigan and across 
Lake Erie. For the following period (1930) the picture is almost reversed, 
small changes had occurred in the region of Lake Superior, large tilt 
in the usual direction in the southern area. For 1925, the isobases run 
about east-west; in 1930 the center of uplift was at the outlet of Lake 
Ontario. In the latest period, about 1935, the tilt was somewhat larger 
than usual. 

In addition to the results of the Great Lakes observations on uplift 
in the interior of the continent, there are data from the tide gauges at 
the coast. The material was used in the same way as for Fennoscandia, 
so that all general remarks concerning Table 4 apply to Table 8. New 
York with a complete record since 1893 was chosen as the basic station 
for the Atlantic coast, and San Francisco with data since 1898 for the 
Pacific coast; the comparison of the change at San Francisco with that 
at New York is purely formal, as the basic reason for such comparisons, 
to reduce the effect of meteorological conditions, does not hold in this 
ease. As in Table 4, 10 cm uplift have been added in column 6 to 
compensate for the eustatic change. 
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The following general remarks apply to Table 8: At Galveston, the 
rather rapid sinking of the land has continued (see Gutenberg, 1933, 
p. 461); the previous value of 1% cm per year is reduced to 0.4 cm 
as a consequence of the correction for the eustatic change. Except for 
Fernandina, where only a relatively short series of data with rather 
large changes from year to year is available, the Atlantic coast south 
of Boston seems to be sinking at present. The corresponding values for 
the Pacific coast south of Oregon are negative, too, but their absolute 
values are too small for definite conclusions. Data concerning the tide 
gauges along coasts of the United States may be found, in addition to 
the references given previously, with some discussion in a paper by 
Bowie (1936, p. 23-25). 

Unfortunately, the yearly means for most of the Canadian stations 
do not refer to the calendar year and are sometimes based on partially 
incomplete series of observations with many years missing. However, 
for most of them the time interval between the first and the last group 
is large enough to furnish a rate of uplift with an error probably not 
exceeding 10 cm per century. 

The data for Quebec are of special importance since they improve the 
connection between the readings of the tide gauges on the Great Lakes 
and those of points connected with the ocean. Detailed information 
about the gauge at Quebec has been given by Dawson (1917, p. 13-16). 
He points out that, in midwinter months and also when the ice moves 
out in the spring, irregularities may occur. Like the effects of meteoro- 
logical conditions, these effects probably average out by taking differ- 
ences between series of years. The following data indicate the accuracy 
of the resulting rate of uplift at Quebec, using arbitrary zero points: 

1894/1904 1905/1915 1910/1920 1932 


(Feet) 
Sea level at Quebec................... 0.60 0.51 0.46 0.46 
Difference Quebec-New York (F. H.).... 0.55 0.48 0.34 0.16 


These and other data leave no doubt that the region of Quebec has been 
rising at a rate of between 30 and 50 cm per century (including again 
the 10 feet generally added). About the same rate has been reported 
by A. K. Snelgrove, according to Flint (1940, p. 1776, footnote) for 
Notre Dame Bay, Newfoundland (50°N., 55° W.). 

On the Pacific coast in Canada, only the data for Vancouver and 
Victoria are sufficient to yield trustworthy results. A slight uplift is 
suggested for this whole coast as well as for the Alaskan coast. For 
nine tide-gauge stations in Alaska, Woodworth (1927, p. 73) has com- 
pared the sea level about 1890 and about 1920. His results indicate an 
uplift at all nine points, ranging from about 15 cm per century at Met- 
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lakatla near the southern boundary of Alaska to more than 2 meters 
per century at three stations in the Lynn canal. However, there is little 
doubt that most of these points underwent vertical movements during 
earthquakes, especially the Yakutat Bay shock in 1899. 

Figure 4 shows the uplift in northeastern North America. The isobases 
are based on the final findings for stations given in Tables 6 and 7. 
In addition the figure shows the Algonquin hinge line—that is, the zero 
isobase during the past 10,000 or 20,000 years; the ice front at the end 
of the life of Lake Algonquin; and the isobases connecting the points 
showing an uplift of 100 meters and 250 meters, respectively, since the 
last ice cap began to melt. These four curves have been drawn follow- 
ing Daly (1934). The continuation of the present hinge line to the west 
is uncertain. It seems to reach the Pacific coast in Oregon or northern 
California. 

All the curves have their center in the region of Hudson Bay. It is 
very fortunate that since 1928 a tide gauge has been operated at Churchill, 
Manitoba (Fig. 4), giving data furnished by Mr. F. H. Peters, Chief, 
Hydrographic Service of the Department of Mines and Resources, Ottawa, 
Canada. The tide gauge, with a 30-foot-deep channel leading to it, is 
located on a wharf within the harbor, about 1 mile from the entrance. 
The average depth across the harbor at this point is 11 feet at lowest 
tide. The data are affected by a river entering Churchill Harbour. 

All monthly mean data available are given in Table 9. The time 
intervals do not cover calendar months but start with the earliest observa- 
tion of the year and cover periods of 30 days afterwards. The observa- 
tions are interrupted during winter by the ice; they begin on April 28 
in 1934, on May 1 in 1939, on May 2 in 1937, on May 30 in 1933, 
on June 1 in 1935 and 1936, and on June 9 in 1938. 

As a relatively large yearly period in the mean sea level at Churchill 
is to be expected because of the effect of the melting of the ice and the 
flow of the river entering the harbor, the mean change in sea level has 
been calculated separately for each month. All findings indicate an 
uplift at a rate larger than 1 meter per century, while for all months 
except for September the value exceeds 2 meters per century. Therefore 
we may safely conclude that the present rate of uplift of the coast near 
Churchill exceeds 1 meter per century and probably is nearer 2 meters 
per century; even a value of 3 meters per century must be considered 
as possible since the average rate for the months June to November 
is close to this rate. There is no reason why the ice or the river flow 
should produce a spurious increase in the rate of change in sea level 
in any months, although the data for August and September are prob- 
ably least affected by these meteorological elements. 
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It is of interest to compare these results with other findings. A sum- 
mary of observations was given by Bell (1896). He pointed to many 
instances, where in course of time an ever increasing difficulty was 
encountered in reaching establishments from the sea. Driftwood has been 


Taste 9—Mean sea level at Churchill, Hudson Bay 


Results are in 1/100 foot above a point 8.62 feet above the Hydrographic Survey Datum. For the 
time intervals see text. Last two lines: Average fall in sea level, a in feet per year, b in meters per 


century. 

Year June July August September October November 
+ 2 + 5 +31 +56 +25 
+40 +13 +42 +62 +63 
—2 —7 +26 —18 —13 +33 
| ae —49 —43 —56 —32 —64 —113 
ee 0.129 0.085 0.072 0.040 0.099 0.148 
3.9 2.6 2.2 1.2 3.0 4.5 


found along hundreds of miles of coast far above the reach of the 
highest tides; remains of rotten wood may be detected “up to nearly 
fifty feet”. Stanley (1939) observed it even as high as 85 feet and pointed 
out that this “suggests the recency of the later uplift and probably also 
the inactivity of decay in the cold climate.” Bell (1896) considered it 
impossible that the wood had been carried to its present position by 
abnormally high tides, although these may reach 20 feet or even slightly 
more during strong gales. He pointed, besides, to conclusions from beach 
dwellings of Eskimos; on Outer Digges Island (northeast entrance to 
Hudson Bay), he found old fish traps at an estimated height of 70 feet. 
He refers also to channels through which ships could pass 200 or 300 
years ago, but today have scarcely enough water for a canoe. Little 


Whale River (east coast near Richmond Gulf) “had to be abandoned 
as a harbor on account of the increasing shallowness of the water.” 
While nobody doubts the fact that the region of Hudson Bay has been 
rising in postglacial time, Bell concluded that all facts indicate that the 
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region is still rising “with no evidence of a contrary character.” In earlier 
papers, Bell had concluded that the waters of Hudson Bay are receding 
between 5 and 10 feet (114 to 3 m) in a century and that the rate of 
uplift near Churchill is about 7 feet (210 cm) per century. This result 
is confirmed by the very recent tide-gauge data already discussed. 

Tyrrell (1896) doubted the findings of Bell. Some of his objections seem 
indeed to point to a smaller uplift; others are not well taken, as for 
example, mention of a bridge at a place where now there is no water 
and “since has been taken by a sandy bar built along the bank of the 
river by the currents caused by the ebb and flow of the tide.” His crucial 
argument, however, refers to a little bay near Churchill which had been 
the winter harbor of small sloops. In 1741, two ships entered this bay, 
one of which seems to have drawn at least 6 feet of water to enter; 
apparently the maximum is now about 4 feet, indicating a minimum 
2-foot rise of the land. On bluffs bordering the bay, names of visitors 
are cut. Among them are two with the date of May 27, 1753. Tyrrell 
assumed that on that day the bay was still covered by ice, piled up to 
the top of the highest spring tide of the winter—about 1514 feet above 
mean sea level. As these names and others without dates are now about 
7 feet above this supposed ice surface, he concludes that an uplift by 
7 feet since that time is impossible, that probably the land there “has 
now reached a stable, or almost stable, condition,” and that all other 
evidence mentioned before “is delusion.” 

Johnston (1939) has reinvestigated the problem of the bay. In 1934, 
the names were at an elevation of about 23 feet above sea level. Assum- 
ing again that they were written by persons on the surface of the ice, 
he concluded that little or no uplift has occurred since. Consequently, 
he argues, the removal of the weight of the ice after the glaciation no 
longer has any effect in the region of Churchill and, therefore, cannot 
be the cause of the uplift in the Great Lakes region either. “It seems 
evident that the recent uplift of the Great Lakes basins is due to some 
recent and local cause” (Johnston, 1939, p. 98). However, all his con- 
clusions are based on the assumption that on May 27, 1753, the surface 
of the ice in the bay was 15 or 16 feet above mean sea level. If in 1753 
the ice broke up before May 27, and this has happened not infrequently 
in recent years, the same evidence would lead to an uplift for the past 
180 years which might have exceeded 10 feet. Leaving out this uncertain 
evidence, all information indicates an uplift of the Hudson Bay region 
noticeably more rapid than in the Lake Superior district. 

The center of the uplift and its maximum amount have not yet been 
determined. Daly (1934, p. 106) considers it likely that the uplift in 
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the southern part of Hudson Bay, especially about James Bay, has 
exceeded 300 meters. Stanley (1939) has pointed out that along the 
east coast “south of Lat. 55°50’ North neither the islands nor the highest 
hills of the coastal zone are high enough to have recorded the marine 
limit, and abandoned beaches may be found up to their summits.” From 
spirit levels which were run from tidewater to the “marine limit” at two 
localities in Richmond Gulf, 18 miles apart in an east-west line, he con- 
cluded it likely that “the component of the tilt rate along this line shows 
a rise of about 3.3 feet per mile westward toward Hudson Bay.” ? 

It is also possible to obtain some information as to the change of the 
rate of uplift with time. Taylor (1926, p. 148) has found an average 
tilt in the Great Lakes region at the rate of 0.43 feet per mile during the 
post-Nipissing stage of the lakes. According to Antevs (1939) the corre- 
sponding time interval is about 4000 years. This would give an average 
uplift at the rate of about 2 mm per kilometer per century, as compared 
with the present rate of about 1 mm per km per century (from Fig. 4). 
In other words, the present rate of uplift is about half the average rate 
during the past 4000 years. This result is not highly accurate, as the 
time interval is not exactly known, and the changes in the lakes prob- 
ably have affected the uplift; however, it indicates definitely that the 
rate has slowed down in course of time in a way similar to that in 


Fennoscandia. 
POSTGLACIAL UPLIFT, SUMMARY 


Jamieson (1865; 1882) was the first to suggest that the uplift in the 
previously glaciated areas is due to the tendency toward restoration of 
equilibrium. Down to the present time doubts have been expressed con- 
cerning the correctness of this hypothesis. (See, for example, Daly, 1940, 
p. 316.) The fact that the history and the present details of the uplift 
in Fennoscandia and in North America are so similar points to the same 
cause. In both regions the hinge line has remained in approximately 
the same location for thousands of years and approximately parallels the 
limit of glaciation. The isobases surround the area of maximum thick- 
ness of ice. The speed of the uplift is of the same order of magnitude 
in both regions and has decreased to about one half during the last 5000 
years; the present tilt in the marginal regions of uplift is of the order 
of 1 mm per kilometer per century. The gravity anomalies are negative 
with increasing absolute amounts toward the center of glaciation as sum- 
marized by Daly (1940, p. 324, 329), indicating that the equilibrium 


2In his book Kabloona (New York, 1941) G. de Poncins states on p. 29 that there was a time 
when the natives of King William Land (about 1000 km north of Churchill) hunted the whale. 
He continues: “The land here has risen, the waters have become shallow, the whale comes no more.” 
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has not yet been reached. Finally, such uplift is not restricted to the 
two regions which have been discussed thus far, but information, although 
incomplete, is available for other regions which were glaciated during 
the ice age. The following data are taken from compilations by Daly 
(1934; 1940), Born (1923), and Woldstedt (1929). In considering them 
one must keep in mind that the melting of the ice has produced eustatic 
changes and that local vertical movements are superimposed on the post- 
glacial uplift; both processes had to be eliminated and have introduced 
inaccuracies in the results. 

Simultaneously with the glaciation in Fennoscandia, the British Isles 
were covered by ice with a center in the Hebrides where the postglacial 
uplift probably exceeded 100 feet (30 m), decreasing toward Scotland; 
the zero isobase for the recent milennia intersects northern Ireland and 
northern England. There is some indication that the zero isobase at 
present lies south and west of Great Britain (Table 4; Fig. 3). In Spits- 
bergen the postglacial uplift is about 50 meters or more. In Greenland 
it increases from zero in the south to hundreds of meters in the north. 
In Novaya Zemlya about 100 meters have been found. In the Taimyr, 
Siberia, region the coast seems to be rising at present with indication of 
uplift during its postglacial history. 

In the Southern Hemisphere there are indications of postglacial uplift 
in South Africa and in South America; the maximum rise found in Pata- 
gonia has been about 40 meters. In Antarctica indications of a rise up 
to 100 meters have been reported as a consequence of the decrease of 
the ice cap there. 

Thus we find the postglacial uplift in practically all regions where it 
is to be expected. The process is not finished yet. The uplift needed 
to restore equilibrium in Fennoscandia is about 200 meters in the central 
zone, as compared with a maximum uplift of about 500 meters in the 
past. In North America, the figures are probably of the same order of 
magnitude. 

VISCOSITY AND STRENGTH OF THE EARTH 


The effect of the forming of the ice during the ice age and later of the 
melting of the ice on the earth’s crust is controlled to a first approxima- 
tion by three quantities: the compressibility of the layers involved, their 
strength, and their plasticity. The change in pressure produces a change 
in volume; theoretically this compression or expansion occurs simultane- 
ously with the cause. An additional weight upon the surface must produce 
a sinking of the region as a result of the elastic compression of the 
material below. As the deeper layers of the earth are much less com- 
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pressible than the surface layers, the effect will decrease with depth. 
There is no doubt that this purely elastic change amounts to a notice- 
able fraction of the total change. Daly (1934, p. 129-135) has discussed 
this problem. He estimated that the amount of the elastic change in level 
was about 100 meters for Fennoscandia and 160 meters for North America. 
The effect of a change in weight of a mass having a sinusoidal form 
has been given by G. H. Darwin. The uplift or depression in the center 
is given by ghro/2xu (g = gravity, h = height of mass in center, 9 = its 
density, r = its radius, 1 = rigidity in the earth assumed to be constant). 
If we use for Scandinavia h = 3000 meters = 3 X 10° cm, r = 1200 km 
= 12 X 10° cm and an average rigidity of 10'* dynes per square cm 
of the affected layers of the earth, we find an elastic depression by the 
ice (and after the melting of the ice an elastic uplift) of about 50 meters. 
This value is to be slightly increased on account of the fact that the 
rigidity is smaller than 10"! dynes per square cm in the upper 50 kilo- 
meters, and to be decreased considering the greater rigidity below a 
depth of 100 km. As the effect of the uppermost layers is probably 
larger, we reach the conclusion that in Scandinavia the elastic change is 
probably slightly larger than 50 meters. For North America, we find 
about 100 meters considering the larger radius of the glaciated area. 
The true height of the ice may have been noticeably different from the 
adopted value, and the difference could change the result by 50 per cent. 

Fortunately, we can disregard the elastic part of the uplift, if we 
restrict ourselves to the time after the ice had disappeared. The move- 
ment due to “elastic after-working” during the later period of the uplift 
was relatively small and may be included in the plastic uplift. 

The theory of plastic processes is still not well understood. Experi- 
ments show that certain materials under given conditions as to tem- 
perature and confining pressure do not undergo plastic flow until a cer- 
tain minimum distortional stress is applied; the quantity called “strength” 
of the material is equal to this minimum stress. Under stresses greater 
than the strength the material undergoes plastic changes. On the other 
hand, “creep” may occur with stresses smaller than the strength. The 
observed “plastic” flow depends not only on the stress, the temperature, 
and the confining pressure, but also on the duration of the experiment 
and on the history of the material; in experiments, irregular behavior is 
quite commonly found, as a result of the combination of viscous flow, 
creep, and other physical conditions. For details the reader is referred 
to Gutenberg (1939) or Griggs (1939; 1940). Goranson (1940) has 
suggested the use of the expression “mobility” instead of viscosity where 
plastic flow of solids is involved. 
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In our problem of postglacial uplift where the data on the uplift as 
well as the conditions in the interior of the earth are known only to a 
first approximation, we need not consider complicated physical theories 
but may make the usual assumption that the strain S in a solid under- 
going plastic flow is given by: 


wis the coefficient of rigidity, F the tangential stress, t the time, v the 
coefficient of viscosity, and t the time in which the stress decreases to 1/e 
by plastic flow, if the distortion is kept constant (time of relaxation). 
v is measured in “poises’’; 1 poise = 1 gram per centimeter per second. 

From experiments and from the fact that the mountains have not 
changed much in historical time, it follows that the outer layers of the 
earth have a strength great enough to prevent the mountains from flow- 
ing apart; for most types of rock under the conditions at the surface of 
the earth the strength is about 10° dynes per square centimeter or slightly 
more. On the other hand, the fact that we observe the postglacial uplift 
under stresses (indicated by the gravity anomalies) considerably smaller 
than those produced by the mountains leaves no doubt that the strength 
in deeper layers of the earth must be very small. The fact of isostasy 
(excluding regions where tectonic processes are acting) leads to the same 
conclusion and, according to Heiskanen (1940, p. 168) and Tsuboi (1940, 
p. 453), points to a depth of about 60 km for the transition from the 
layers with large strength (lithosphere) to the deeper asthenosphere in 
which the strength should be much smaller to permit a “floating” of 
the upper layers. Unfortunately, the assumption of a homogeneous, 
plastic earth without strength leads to such complicated equations that 
no attempt has yet been made to introduce an additional upper layer 
with great strength which could be assumed to be infinite. 

The simplified problem of viscous flow in a homogeneous incompres- 
sible earth without strength has been attacked in various ways. Haskell 
(1935) gave a fundamental formal solution for the motion of a highly 
viscous fluid when a symmetrical pressure is applied to the surface and 
applied the solutions to the postglacial uplift. In a second paper (1936) 
he treated the case of a load in the form of an infinitely long strip with 
parallel sides, and in a later paper (1937) he summarized and extended 
his previous results. At the time ¢, (removal of the ice load) the rate 
of uplift v,,. at a distance r from the center of glaciation is purported 
to be given by: 

Vro = Voe 
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where v, and b are constants to be determined from the rate of uplift 
at the time ¢,. If d, is the displacement (downwarp) at the center for 
t = 0, g = gravity, v = viscosity as defined by equation (1), he finds: 

d, d, 
3,’ where C = (4) 
All quantities are to be measured in em, gr., sec. (1 year = 3.16 & 10’ 
seconds). In applying this equation to the conditions in Fennoscandia, 


Tastp 10.—Data concerning the uplift in Fennoscandia 


v b D v 
Year (cm /year) (per km) (meters) (poises) 
6800 B. C. 250 0.510% 
5000 B. C. 3.9 0.00127 147 1.2 
4000 B. C. Ae f 0.00119 118 iy 
3000 B. C. 2.2 0.00124 94 2.0 
2000 B. C. 1.8 0.00125 74 2.4 
1900 A. D. 0.00125 _ 


he used data given by Nansen concerning the uplift. According to a 
written communication, he added 20 meters for the future uplift, fol- 
lowing a suggestion made by Nansen. As the true amount of the uplift 
still to be accomplished seems to be about 200 meters, his values of d 
are too small by about 180 meters. This was pointed out by Meinesz 
(1937) who added 180 meters to the uplift given by Haskell and found 
from Haskell’s data v = about 3 X 10” poises. 

Apparently it has not been realized that it is possible to calculate 
the order of magnitude of the viscosity without an assumption regarding 
the future uplift d,. We suppose with Haskell that equation (3), which is 
correct only for the time ¢ = 0, is also a good approximation for later 
times. Haskell found that under his suppositions the value of b is prac- 
tically constant if it is caleulated from equation (3) for various times 
(Table 10). At the present time we have the deviation d = d, and the rate 
of uplift v.. At an earlier time the corresponding values are dj = D + d, 
and v;, where D is the uplift from the earlier time until the present. 
Applying equation (4) to both times, we have: 

d;_ D+ad_ D DC_ _ 23D 


dy 
—— andy = -C= 
V2 v1 1 — V2 V2 — V2 v1 — V2 


if we assume that the density 9 = 3.3, and that b = 1.25 & 10-8 per cm 
(Table 10); D is to be measured in meters and v in cm per year. The 


‘ 
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results are given in the last column of Table 10, of which the first two 
lines are added from Figure 5, and which otherwise is based on the data 
of Haskell (1937, p. 24). 

The results show an apparent increase of the coefficient of viscosity 
in course of time. In interpreting this result we must remember that sup- 
posedly the viscosity does not change with depth or time and that the 
velocity of flow is proportional to the shearing stress. The result that 
the calculated viscosity increases with time may be a consequence of the 
fact that in Haskell’s theory equations (3) and (4) are correct only for 
t = 0, but have been used by us for later times. As we shall see, 
Niskanen (1939) does not follow this procedure and arriyes at results 
which do not depend on the time of the observations. However, it may 
be that in addition there is a real change in the coefficient of viscosity 
(as defined). Griggs (1939; 1940) has found from laboratory tests that 
creep or pseudoviscosity differs from ordinary viscosity in that the 
velocity or flow increases about exponentially with the stress. Thus, the 
calculated increase of v may be a consequence of the fact that the speed 
of the plastic flow decreases faster than proportionality with the stress. 
Of course, equations (1) and (2) would not be correct in this case. We 
must, finally, remember that the upper layers, contrary to our assump- 
tions, have a relatively great strength. We cannot decide how much each 
of these factors contributes to the result. However, there can be no 
doubt that the modified equations of Haskell furnish a good first approxi- 
mation. 

The order of magnitude found for the viscosity corresponds approxi- 
mately with the values found in laboratory experiments. (See, for ex- 
ample, Griggs, 1939, p. 235; 1940.) 

The coefficient of rigidity in the outer part of the mantle of earth is 
about 10’? dynes per cm?. Using this value and the viscosity v = 3 X 10?” 
poises, for the present time, we find from equation (2) that the time of 
relaxation t is about 3 < 10'° seconds or about 1000 years. This figure 
gives the time in which the stress decreases to 1/e by plastic flow if the 
distortion is kept constant, and should not be confused with the time $ 
in which the distortion is reduced to 1/e if the load is removed. The 
relationship of these two constants depends on the conditions; however, 
in general their order of magnitude does not differ much. t is a constant 
of the material; #, in addition, depends on the process and may change 
in time. 

One of the most important conclusions from Haskell’s investigations 
is that the plastic flow extends to relatively great depths, as has been 
suggested by Daly (1934). According to Haskell’s findings, at a depth 
equal to one half the width of the area of uplift (about 1000 km in Fenno- 
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scandia) the maximum vertical displacement has 0.8 of its value at the 
surface and at twice this depth remains more than one half, assuming 
that the viscosity does not change with depth. The result indicates that 
the plastic flow which tends to compensate the movements near the sur- 
face in the regions of postglacial uplift extends downward to the surface 
of the core and probably even affects the core. 

Van Bemmelen and Berlage (1935) in a more general investigation 
on plastic flow in the earth have treated the problem of the postglacial 
uplift differently. They suppose that the sinking due to the weight of 
the ice had occurred along a trough. In Fennoscandia, the axis of this 
trough would have to be assumed in a southwest-northeast direction. The 
original depression along the axis is d, and is supposed to decrease with 


the distance x from the axis following the form de , which is similar 
to the one assumed by Haskell. The fundamental assumption of van 
Bemmelen and Berlage is that the movements can be treated as a part 
of a wave of a highly viscous fluid which has a depth h. Below this 
depth all movements are supposed to be negligible. The depression of 
the points of the axis at the time ¢ (since the beginning of the uplift) 

—cpt 
below the position of equilibrium is proportional to ¢ : , where: 


0 = density, v = viscosity, h = depth to which viscous material extends, 
g = gravity. The following values are used in evaluating the equations 
(for details see van Bemmelen and Berlage, 1935): uplift in center to 
date, 280 m; original rate of uplift, 14 em per year; present rate, 1.1 cm 
per year. The following values result: original depression in center, 
490 meters (or uplift of 210 meters still to be expected); time elapsed 
since beginning of uplift, 9500 years; b = 0.0017 per km, and finally 
c = 4.26 X 10° (cm, gr., sec.). The last step is now to use equation (5) 
to find the viscosity v. Van Bemmelen and Berlage believed that all 
plastic movements involved in the process are negligible at a depth greater 
than 100 km, and, assuming h = 10° em find v = 1.3 X 10° poises. 
However, the viscosity seems to be better known than the depth to which 
the plastic deformation extends with an appreciable amplitude, and there- 
fore the author considers it preferable to assume an average viscosity 
and calculate h from equation (5). Taking v= 3X 10” poises, we find 
h = ca 700 km. This result means that the processes connected with the 
uplift are acting with relatively large amplitudes to a depth of many 
hundred kilometers. As the method is based on hydrodynamic equations 
with assumptions completely different from those used by Haskell, and 
as an error by a factor 10 in assuming the viscosity changes the resulting 
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h by little more than a factor 2, the conclusion seems inevitable that the 
movements extend to many hundreds of kilometers downward with 
scarcely decreasing amplitudes. 

Once again Meinesz (1937) offered a very useful first approximation 
to the problem. He estimated the negative anomaly in the central part 
of the depressed area to be about —25 milligal, and dividing this value 
by 2xxo (x = Newton’s constant = 6.67 < 10~® egs) he found 180 m 
for the remaining uplift. This result is somewhat uncertain on account 
of possible errors in the assumed mean anomaly. It agrees well with the 
findings of the preceding and the following methods. 

Meinesz assumed that the rate of uplift (v) is always proportional to 
the deviation d from the equilibrium surface, or that: 

— Kt 

d = de d 

Meinesz himself has pointed out that this is only an approximation. He 
used data by Nansen (1928) as given by Haskell and added 180 meters 
to find d. However, since Haskell’s values are 20 meters greater than 
those given by Nansen, he really added 200 meters. Using equation (6) 
and combining the data with his value of d = 180 meters for today, he 
finds K = 2.76 X 10—*? per second. Since this makes the observed rates 
for the early times too small and for the second half of the period too 
large, he finally adopted the value K = 2.3  10~—'* per second or 
7.3 < 10-5 per year. Of course, this does not remove the discrepancies. 
Meinesz considers that the horizontal dimensions of the area of uplift 
may have decreased with the passage of time (which is not supported by 
the observations) or that other processes may be involved. As we shall 
see, the increase in the value of K corresponds with the theory of 
Niskanen. From equation (6) it follows that for two times ¢t, and t., 
with the deviations d, and d, from the equilibrium, the quantity K 
(which is supposed to be constant with time) is given by: 


K= (log. d; — log. d2)/(t te). (7) 


On the other hand, K can be calculated from equation (6). The essential 
data are given in Table 11. The values of d are taken from Nansen, and 
200 meters is added for the future uplift. The values for d are the same 
as those used by Meinesz except for the last. They are plotted in Figure 
5, and the rate of uplift v was determined from the tangents to the curve 
(Table 9; Fig. 5). K was calculated in three different ways, (a) from 
equation (7) using succeeding values of d; (b) by using the value of d 
for the given year and the last value d = 200 meters for 2000; (c) from 
equation (6) K = —v/d. All indicate clearly the decrease of K with 
time contrary to the assumption v/d = constant. Finally the rate 
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of the uplift (v) was calculated from equation (6) using the value 
K = 0.73 & 10~* per year found by Meinesz. This corresponds approx- 
imately to the value of K for the year 2000 B. C. For earlier years, a 
larger value has to be taken to find the observed v, and for later years 


Taste 11—Remaining uplift d, rate of uplift v, and constant K 


Based on data given by Nansen (1938) for the central part of the region of postglacial uplift in 
Fennoscandia. 


K per 10,000 years 
Year log, | equation(7) | | 
(meters) (cm /year) (cm/year) 246X104 
a b c 

7000 B. C. 505 (20) 6.225 4.0 3.7 1.9 
2.85 | 1.03 

6000 B. C. 380 6.7 5.940 1.8 2.8 2.0 
1.50 | 0.80 

5000 B. C. 327 3.8 5.790 2 2.4 2.1 
0.93 | 0.70 

4000 B. C. 298 2.6 5.697 0.87 2.2 2.1 
0.84 | 0.67 

3000 B. C. 274 2.2 5.613 0.80 2.0 23 
0.76 | 0.63 

2000 B. C. 254 1.8 5.537 0.71 1.8 2.1 
0.69 | 0.60 

1000 B. C. 237 1.5 5.468 0.63 ey 2.1 
0.65 | 0.57 

0 222 1.3 5.403 0.59 1.6 2.0 
0.56 | 0.52 

1000 A. D. 210 i! 5.347 0.52 1.5 2:0 
0.49 | 0.49 

2000 A. D. 200 1.0 5.298 0.50 1.45 2.0 


a smaller value. Again, we see that the uplift is retarded, and the dis- 
cussion of this fact in connection with the findings based on Haskell’s 
theory applies here also. The last column of Table 11 shows that not 
d/v, but d/vt is approximately constant. This agrees with Niskanen’s 
equations to be discussed later. 

Supposing that K = 0.73 & 10~‘ per year, the time 7 in which half 
of the anomaly disappears is given by 7 = 0.693 / K = 9500 years; 
again this value corresponds approximately to the time 2000 years B. C. 
According to our results, the uplift was more rapid before that time and 
is slower now; in the future it will take more than 10,000 years to reduce 


| 
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the remaining deviation from the equilibrium to one half or to accom- 
plish about 100 meters of additional uplift in the center of the region. 

For his further calculations Meinesz assumed that the uplift occurs 
along a trough and that the displacements are part of a sinusoidal curve 
perpendicular to the direction of the axis. If 2R is the diameter of the 
trough, @ the density of the material, v again the rate of uplift and d 
the vertical displacement, he finds: 


(8) 


Tv 


With the values of Meinesz, K = 2.3 & 10-7? per second, r = 700 km, 
and a density of 3.3 for the substratum, equation (8) gives v= 3 X 10”* 
poises. 

Meinesz finally tried to calculate the change of viscosity with depth. 
Assuming an exponential law for the viscosity v as a function of depth 
and proceeding otherwise as above, he finds a decrease of v from 3 & 10” 
poises at a depth of 150 km to 3 X 10” near the boundary of the core 
of the earth. However, we must consider that the accumulation of 
assumptions and especially the possibility that the viscosity inside the 
core may be very small casts some doubt on the result. 

Previously we have pointed out that the time of relaxation of the 


material (t) must not be confused with the time o=7 in which the 


displacement in the center of the region decreases to 1/e. A comparison 
of equations (2) and (8) shows that Meinesz’ assumptions leads to 
t/s = ogR/xp and that the ratio of t and » depends only on the 
radius RF of the area of uplift for a given material. Using R = 1000 km 
and supposing an average rigidity of 10'* dynes per cm’, we find the 
following orders of magnitude for Fennoscandia: t = about 10-°R» 
= about 0.1.5 As » = about 14,000 years, t is the order of 1000 
years. The time in which the deviation from the equilibrium reaches 
1/e (or any other fraction, such as one half) of its original value is 
inversely proportional to the horizontal extent of the glaciated area and 
is not affected by the height of the original load. This result depends, 
of course, on Meinesz’ assumptions as to the process involved. 

Finally, Niskanen (1939) has discussed the facts concerning the uplift 
in Fennoscandia as well as the theory. He makes assumptions similar 
to those of Haskell and applies equations for a viscous fluid. The devia- 


tion d from the equilibrium is given by: 


VISCOSITY AND STRENGTH OF THE EARTH 761 


where d, is the deviation in the center at the time t = 0, r = distance 
from the center (axis) of glaciation, b is the same constant used previ- 
ously which controls the change in the direction perpendicular to the 
axis, and k is a new constant related to the speed of the uplift. The 
rate of uplift in the center is given by 

(10) 
At the time t = 0, there is v, = 2kd,. 

Whereas in the preceding solutions except for the general solution given 
by Haskell the time entered only as an exponential function, so that 
any year could be taken as zero for the time, this is no longer true 
for the solution given by Niskanen. In the center of the uplift the 
ratio of the deviations d; and d, at the times ¢, and ¢, is given by 
d,?/d.? = (1 + 4kt.)/(1 + 4kt,) as may be found from equation (9) 
for r = 0. Contrary to the preceding solutions the time 7, in which the 
remaining uplift decreases to half the amount at a given time, is no 
longer constant but 7 = (34 k + 3¢ increases with the time ¢ since 
the beginning of the process. This fact corresponds to the observations, 
as we have seen. Only, at the moment when the ice disappeared (sup- 
posing that the melting occurred fast enough not to permit a noticeable 
plastic flow), does one find the equation given by Niskanen: T = 3% k. 

Unfortunately, the time before 6800 B. C. cannot be used for calcu- 
lations, as Niskanen himself has pointed out. Before 6800 B. C., the 
elastic uplift and tilt due to other processes, for example the changing 
level of the Ancyclus Lake, had been superimposed on the plastic uplift. 
Moreover, the theory supposes a very rapid (sudden) melting of the ice, 
so that the rate v, at the beginning of the uplift cannot be found with 
any great accuracy. 

In order to find k from equation (10), Niskanen used the data given 
by Lidén (1938) on the uplift in Angermanland (Fig. 5). For the year 
6800 B. C., Niskanen assumes a rate of uplift of 13 em per year, and 
for the present time a rate of 1.2 cm per year; he finds k = 1.07 & 10-* 
per year, 7 = about 7000 years. Apparently he did not attempt to 
correct for the fact that the year 6800 B. C. was clearly not the time 
t = 0 to be used in his equations. 

The main advantage of Niskanen’s method is that it permits the calcu- 
lation of the remaining deviation from the equilibrium and the total 
depression of the land at the time when the ice began to melt. For 
the center of the area (r = 0) the exponential term in equation (9) 
equals 1, and the uplift D = d, — d since the time t = 0 is given by: 


‘ 
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from which the future uplift d may be calculated. Niskanen assumes 
an uplift of D = 250 meters in the central area since the disappearance 
of the ice; this amount of uplift has been found by Sauramo (1939) since 
the year 6800 B. C. His results are d = 210 meters for the future uplift 
and a depression of the central area by 460 meters at the year 6800 B. C. 

The results must be considered only as an approximation, since Nis- 
kanen has assumed that the year 6800 B. C. is the zero point of his 
time scale. Fortunately, it is possible to find better approximations if 
we introduce the zero point of his time scale as an additional unknown 
quantity. From equation (10) it follows that (1 + 4kt)-4 = (v/v,)}. 
If we introduce this quantity in equation (9), leaving out the exponential 
term for the center, we find d/v} = d,/v,t = constant, as d, is the total 
depression at the center of glaciation at the beginning of the uplift, and 
v, the rate of uplift at this time; of course, v, is only of theoretical 
interest. Contrary to the assumptions, the uplift had begun gradually. 
The quantity d/vt has been calculated from the observations (Fig. 5) 
and added in the last column of Table 11; it is practically constant and 
shows that the equations of Niskanen are an excellent approximation. 
If the rate of uplift is measured in cm per year, and the remaining 
uplift d in meters, we have d = about 200 vt. The deviation d,; at a 
time ¢, (rate of uplift v,) and the deviation d, = d, + a at an earlier 
time ¢, (rate of uplift v.) are connected by the equation: 


This equation permits the calculation of the future uplift d, at any given 
moment. The following values for v and a are taken from Figure 5: 


Difference a in uplift Calculated future uplift 


Year » in em/year down to 1900, in meters d for 1900 in meters 
6800 B. C. 13 250 190 
5500 B. C. 5 150 210 
3500 B. C. 3 85 190 
1900 A. D. : 0 


The average is about 200 meters. With this value, it is possible to find 
approximately the depression in the central area at the beginning of 
the uplift: About 250 meters had occurred before 6800 B. C. (data given 
by Niskanen, 1939, p. 28), 250 meters between 6800 B. C. and the present 
day, and about 200 meters still remain for future rising, giving a total 
of 700 meters which agrees well with other estimates. However, not all 
this uplift is due to plastic uplift; as we have seen, between 50 and 100 
meters are due to elastic changes. Consequently, the value d, in our 
equations is about 600 meters. This may now be used to calculate the 
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theoretical rate of upiift at the time t = 0. We use the equation ». =» ( q ) 
where v and d are the corresponding values of the rate of uplift and the 
uplift still to be expepted at a given time, and find: 


Year 6800 B, C. 5500 B. C. 3500 B. C. 1900 A. D. 

d 450 350 285 200 meters 

v 13 5 3 1 cm per year 
Vo 30 25 28 27 cm per year 


with an average of v, = 27 cm per year. The agreement is better than 
one would expect. We can also use the fact that the last column of 
Table 11 gives d,/v,3 & 10* = 2.0, or v, = 27 em per year. 

We can now calculate the constant k. k = v,/2d, = 24% X 10-* per 
year. The time ¢, can be found from equation (10), using the same values 
v as above: 


Year 6800 B. C. 5500 B. C. 3500 B. C. 1900 A. D. 
kt 0.16 0.52 0.83 2.0 

t 700 2300 3700 8900 years 
to 7500 7800 7200 7000 B. C. 


Thus the year t = 0 of our calculations was about 7500 B. C. As in 
the previous findings based on Niskanen’s method we notice the good 
agreement between the results regardless of the year which is used, so 
that we may safely conclude that his equations (regardless of their phys- 
ical interpretation) are a better approximation than those discussed before 
and that the time 7’, in which the deviation from equilibrium is decreased 
to one half, is increasing with time. Our results indicate T = 4000 years 
at the beginning of the uplift, 7 — 16,000 years in the year 3000 B. C., 
and T = about 30,000 years today. 

We also have confirmed the previous findings that the remaining uplift 
is about 200 m. The gravity anomaly 4g which corresponds to this de- 
ficiency in mass at present is given by 4g = 2xoxd; x = 6.67 X 10-8 
egs. Consequently 4g = about —30 milligals. This value corresponds 
well with the observations, as may be seen from the map given by 
Niskanen (1939) or Daly (1940, p. 325). However, we must bear in 
mind that other effects may produce a large fraction of the anomalies. 

Thus far we have dealt with the uplift in the center of the glaciated 
area. If we investigate the uplift at the distance r from the center, 
the quantity b enters in the various equations. Meinesz has used a ratio 


e for the rate of uplift (velocity) v at the distance r and the velocity 
v, at the center for any given time. Haskell has assumed this same 
ratio for the time ¢ = 0 but did not calculate its change with time ex- 
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plicitly. In the theory of Niskanen this ratio v/v, decreases with time 


and is given by: 
bey? 
i+ am) ° 


For t = 0 we have v/v, = (1 ~Skede 


v/v. = (1 


Niskanen (1939, p. 21) has used the velocity of uplift at about the 
year 6800 B. C. (examples in Table 5) to find the quantity b, supposing 
that the year 6800 B. C. corresponds to the time t = 0, and the second of 
the two equations above can be used. This procedure gives a value of b 
which is slightly too small. His result b = 0.00131 per kilometer agrees 
well with the similar values (0.0017, 0.0012) of the other authors men- 
tioned which has been found by use of completely different methods and 
observations. The following data give the order of magnitude of v/v, 
using data mentioned before: 


Ve Velocity in cm per year 
r= 0 250 400 600 km 250 400 600 km 
Year 
6800 B. C. 13 9 3 1% 0.7 0.23 0.12 
1900 A. D. 1 0.8 0.5 0.25 0.8 0.5 0.25 


The results show a clear increase of v/v, with time, however, the theo- 
retical change for v/v, assuming Niskanen’s equations are larger than 
those indicated by the observations; according to Niskanen’s results, the 
rate of uplift should approach the same value over the whole region faster 
than it really does. On the other hand, the profiles calculated by Nis- 
kanen (1939, p. 22) and corrected for the effect of the time before 
6800 B. C. agree well with the observations. 

If (1 + 4kt) = 2b?r?, the equations give v = 0. Thus we may find 
the radius of the zero isobase. It increases with the time ¢. If r is 
greater than this critical value, v/v, is negative; however, its absolute 
value cannot increase much with increasing r due to the exponential term. 
The details depend on the constants, especially the value of b. Neverthe- 
less, it can be stated that the equations predict that the zone of post- 
glacial uplift should be surrounded by an area of slow sinking of the 
land and that the line of no change (zero isobase) increases its distance 
from the center of uplift in course of time. Observations agree with the 
theoretical results (Figs. 3, 4). The zone of sinking of the land is also 
found in the theories of Haskell (1936, p. 61), van Bemmelen and Ber- 
lage (1935, p. 41), and Meinesz (1937). The details depend on the basic 
assumptions of these theories as well as on the selected constants. On the 
other hand, the rate of sinking is so slow that local processes affect the 
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observations and locally may even produce an uplift where the plastic 
flow due to the disturbed equilibrium after the ice age would result in a 
sinking of the land. For these reasons, a detailed comparison between 
the findings using the various theories and the observations does not 
promise trustworthy conclusions. 

Under the assumptions of Niskanen, the viscosity v is given by: 


(12) 


In comparing this equation with Niskanen’s formula it is to be considered 
that he used the “kinematic viscosity” which is the coefficient of vis- 
cosity used here divided by the density 9. He finds a kinematic viscosity 
of 1.1 X 10” poises; this gives v = 344 X 10” poises. 

If we use our value k = 2144  10~‘ per year, or 7 X 10~' per second, 
b=1.3 X 10-® per cm, and p = 3.3, we find v = about 2 X 10” poises 
in good agreement with the values found from the other methods. 

At the beginning of the uplift, the ratio of the two quantities t and @ 


discussed previously is given by hb about about 0.1. 


This is exactly the value which we had found using the theory of Meinesz. 
However, # increases with time, whereas t is a constant of the material. 

If we summarize all the findings on the uplift in Fennoscandia, we 
must first emphasize that the agreement between the results found in 
different ways by using different data is good and practically proves that 
the uplift is isostatic and due to deficiency in mass after the melting of 
the ice. The results strongly support Daly’s hypothesis (1925) that the 
plastic flow, which furnishes the material for the uplift, extends well 
below the 1000-kilometer level with amounts not much less than the 
movements at the surface. The time required to restore half the devia- 
tion from equilibrium is of the order of magnitude of 10,000 years and 
increases with time. If one assumes that the whole mantle of the earth 
has no strength and everywhere has the same coefficient of viscosity, 
this is found to be about 2 X 10° poises. If the effect of the upper 
60 kilometers with strength great enough to prevent any plastic flow 
is considered, it still seems likely that a viscosity of the order of magni- 
tude of 10®* poises will be found; moreover, this is the order of magnitude 
for the viscosity of the few types of rocks which have been investigated 
in laboratories. The slight decrease of viscosity with depth found by 
Meinesz must be interpreted with the fact in mind that he has assumed 
a continuous change with depth; his result may mean that the viscosity 
decreases gradually to the center of the earth; or the viscosity may in- 
crease slightly with depth in the mantle down to the core of the earth 
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and have a much smaller value inside the core. This latter distribution 
would correspond to the change of the rigidity with depth. 

No calculations have been based thus far on the uplift in North America. 
This has two reasons: first, the data are more scanty; and second, the 
process was much more disturbed there than in Scandinavia by relatively 
large physiographic changes, especially formation of lakes with variable 
extension and depth. (See, for example, Antevs, 1939.) However, all 
essential quantities differ only by small factors from the corresponding 
quantities in Fennoscandia, so that we may expect that the observations 
lead to approximately the same conclusions. For example, if we suppose 
a maximum rate of uplift of 200 em per century and a radius of 1500 km 
of the zero isobase, we find the quantity b of the order of 0.001 per km 
or 10~-* per cm, about the same as in Fennoscandia. If, on the other 
hand, we make the reasonable assumption that the equation d = 200v4 
(d in meters, v in em per year) which we have found for Fennoscandia 
is a good approximation for the conditions in the Hudson Bay region, 
we find for the remaining uplift d = about 250 meters, only slightly larger 
than in Fennoseandia. Consequently it is to be expected that the depth 
and size of Hudson Bay will decrease rather rapidly in the future, and 
a little of the northern part if anything will be left of the Hudson Bay 
when the uplift approaches its completion. The decrease in load in 
Hudson Bay corresponding to the loss of a layer of water in the average 
at least 1 meter thick during one century must increase the uplift. A 
similar but smaller effect is to be expected in the Gulf of Bothnia and 
may be one of the reasons for the fact that the center of uplift there at 
present is slightly farther to the north than during the beginning of the 
process. Niskanen (1939, p. 24) has already pointed out that after 
about 2600 years there will be dry land in the middle part of the Gulf of 
Bothnia between Finland and Sweden, if the process continues undis- 
turbed; and 10,000 years hence there will be only a small lake where 
there is now the Gulf. 

As the deviation from the equilibrium in the region of postglacial uplift 
in North America seems to be slightly larger than in Fennoscandia, we 
should expect a similar ratio for the gravity anomalies. Unfortunately, 
there are no data for the Hudson Bay region. In the Great Lakes region 
the average anomalies are about —15 milligals (see Daly, 1940, p. 330) 
as they should be, but the values scatter very much. The following are 
Airy-Heiskanen anomalies according to Heiskanen (1939) for points 
north of Lat. 48° between Long. 88° and 72° West. They are based on 
the international formula. Use of the Heiskanen triaxial formula would 
increase the numerical values by a few units and give larger anomalies. 
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The average of —21 milligals, or even about —25 milligals, based on the 
triaxial formula of Heiskanen (see Daly, 1940) would correspond to an 
uplift of 150 to 200 meters still necessary in this region to restore equi- 
librium. This seems too large rather than too small for this region which 
is almost 1000 kilometers from the center of glaciation. 


West North Anomaly, 

Station Long. Lat. milligals 
85.3 48.6 —26 
81.0 49.1 —27 
(eee 78.7 48.7 —42 
42.2 48.5 —21 


Some information may be found from the following equations. If we 
suppose equation (6) (Meinesz’ assumption) as correct, we may derive: 


v = — Kd, e~*+, or log ( — v/d.) = log K — 0.484 Kt. .........000.. (13) 


The minus sign in the parenthesis is due to the fact that the velocity v 
is directed upward and the displacement d downward. The quantity 0.434 
enters because of the transition from natural to Briggs logarithms. K is 
a small fraction, and therefore log K is negative. If K is very small, 
the first term on the right-hand side has a numerically large negative 
value; if K is large, this is true for the second term. The absolute maxi- 
mum of the right-hand side occurs for K = 1/t, and, consequently, there 
is always log (—d/v,) 2 log t + 0.434. If we apply this equation to 
the past 10,000 years, log (—d,/v) 2 4.43; d, 2 27,700 v; the absolute 
value of d, must be at least 277v, where d, is the deviation from the 
equilibrium in meters at the beginning of the period and v the present 
uplift in em per year. For Fennoscandia, we have v = 1.1 em per cen- 
tury, and consequently the deviation from the equilibrium 10,000 years 
ago must have been at least 300 meters. In the Hudson Bay region d, 
is possibly at least 500 meters corresponding to v = 2 em per century. 
This method supposed that the deviation from the equilibrium in the 
center decreases exponentially with time. Another restriction is that t 
cannot exceed the time since the ice had disappeared. If this moment 
is taken as t = 0, the symbol “=” has to be used in the equations. 
Equation (13) not only gives us a minimum for the deviation from 
the equilibrium but also limits for K. If we take t = 10,000 years, then 
in Fennoscandia as well as in the Hudson Bay region log (—v/d,) lies 
between —4 and —5, and K must be less than 10-* and over 10-5 per 
year to satisfy the equation. Since the time in which the anomaly is 
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reduced to one half is given approximately by T = 0.7/K, in both regions, 
the plastic flow must continue for at least about 1000 years, but less than 
70,000, to restore half the equilibrium. For Scandinavia we have found 
the more exact value of about 10,000 years; for the Hudson Bay region, 
this method at least gives the limits just mentioned. 


CONCLUSIONS 


The general results, in combination with other data, allow us to get 
a better idea of the facts which must be considered in interpreting tectonic 
processes. So far as is known, the visible mountains have not changed 
their height appreciably in historic times. More data bearing on the 
accuracy of this statement are very desirable since the experiments of 
Griggs (1939) on “creep” of rocks suggest the possibility of changes dur- 
ing long periods. The greatest differences in elevation between near-by 
points of the earth’s surface do not exceed about 10 kilometers producing 
stresses just below the strength as determined by laboratory experiments. 
Gravity determinations lead to the conclusion that in general the weight 
of the mountains or the deficiency of material in oceanic regions is com- 
pensated within the uppermost layers of the earth, not over 60 km thick, 
except for certain regions with gravity anomalies. However, in most of 
these exceptional regions earthquakes occur rather frequently indicating 
that tectonic processes are going on in such regions, either with a tend- 
ency to restore equilibrium or as a consequence of processes which main- 
tain or increase the anomalies. The strength of the material in the upper- 
most layers down to a depth of about 50 km prevents plastic flow as 
long as the stresses are less than about 10'° dynes per square cm, and 
must lead to earthquakes as soon as the breaking strength of the material 
is exceeded by the stresses. Tsuboi (1940, p. 454) has estimated the 
maximum energy which can be stored in the earth’s crust without dis- 
turbing isostasy beyond the observed values and found an excellent 
agreement with the maximum energy liberated in earthquakes (10*° ergs). 

Whereas at present we have no observations proving plastic or “pseudo- 
plastic” flow in relatively large sections of the lithosphere, the postglacial 
uplift leaves no doubt that some kind of flow must occur in the deeper 
parts, say below 60 or 80 kilometers. Seismic observations lead to the 
conclusions that at a depth of about 70 km there is a small but distinct 
decrease in the wave velocity, which has been interpreted as a conse- 
quence of the transition from the crystalline to the vitreous state. This 
would explain the fact that at about this depth the strength of the 
material decreases noticeably and in the asthenosphere below permits 
plastic flow even if the stresses are small. However, the speed of this 
flow is very slow. It takes thousands of years to reduce deviations from 
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the equilibrium to one half. If the stresses accumulate at a rate much 
faster than they are reduced by plastic flow, the breaking strength of 
the material will be reached practically as quickly as in the lithosphere, 
and earthquakes must result in just the same way. Since in certain 
regions the time interval between earthquakes is measured by centuries 
or even years, as in the Hindu Kush region at a depth of over 200 km, 
the possibility of rapid accumulation of stresses due to unknown processes 
is proved. Thus far there is no contradiction among the observations, 
the conclusions from laboratory experiments, and the results of the theory 
based on the assumption of the properties at the various depths which we 
have just outlined. In particular it is not necessary to look for an 
explanation for the “deep focus earthquakes” as a spurious phenomenon; 
all observations on these shocks fit the theoretical conclusions excellently, 
and there is practically no possibility of explaining the observations on 
the assumption of a focus at a depth of less than 50 km; on the other 
hand, contrary to the opinion held by a few, there is no reason why tec- 
tonic earthquakes should not occur at greater depths than 50 km. On the 
contrary, the question must be raised why observations do not indicate 
their occurrence at depths greater than about 700 kilometers. Do the 
forces which produce the stresses act mainly in the upper few hundred 
kilometers? Or does the viscosity at a depth of about 700 kilometers 
decrease to values below the order of 10*° or 10'* poises, allowing so rapid 
a plastic flow that stresses are reduced to one half within a few years 
or less? Or does the breaking strength increase at a depth of about 
700 km so rapidly that below this depth earthquakes are practically 
prohibited? Findings by Goranson (1940) indicate that beyond a cer- 
tain confining pressure the breaking strength increases rapidly; the rela- 
tively great energy of many very deep shocks would also agree with this 
possibility. 

Finally, it is not unreasonable to assume that inside the core of the 
earth the viscosity, as well as the rigidity, is much less than in the mantle 
and permits relatively rapid plastic flow. 

More far-reaching conclusions may be drawn. The deficiency in mass 
in the regions of postglacial uplift corresponding to gravity anomalies 
of about 30 milligals produces plastic flow throughout the mantle of the 
earth with only slightly decreasing displacements in the upper half of 
the mantle. It is therefore safe to conclude that the larger anomalies 
in tectonically active regions, as, for example, off the East Indies, the 
Philippines, and Japan, are connected with still stronger subcrustal cur- 
rents throughout the mantle of the earth. The active source of these 
processes need not be close to the surface of the earth but may be deep 
seated. The location of the deep-focus earthquakes around the Pacific 
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Ocean has been interpreted as an indication that even at a depth of 
700 km there is a difference in structure; such a hypothesis is not 
necessary, although it is possible. Forces acting at any given depth 
in the circum-Pacific region will set up stresses and plastic flow through- 
out the mantle. Wherever the stresses exceed the breaking strength of 
the material, earthquakes will accompany the processes. 

As we have seen, defects of mass producing only relatively small gravity 
anomalies are able to produce noticeable plastic flow, if sufficient time is 
available. The lower limit, below which the processes stop or are too 
small to have observable effects, is of importance for the answer to the 
question whether certain small forces may produce considerable changes 
during long periods. Especially, is the Polfluchtkraft producing stresses 
with an order of magnitude of about one hundredth of the stresses in 
Scandinavia large enough to maintain plastic flow? If it is, then we 
should not be surprised to see continents being shifted by subcrustal flow 
during the history of the earth under the action of such small but per- 
sistent forces. 
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